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ABSTRACT 
This thesis consists of two parts. The subject of the f i r s t  part i s  
the desi yn ,  control, and characterization of the passively mode locked 
CW dye laser, which i s  capable of producing a stable continuous train 
of subpi cosecond pulses. Following a description of the laser's elements, 
the mode stabil i ty of i t s  multi-mirror resonator i s  studied, The 
monitoring of the laser operatf onal state by pulsewidth and bandwidth 
measurements i s  described. 
In the second p a r t ,  the photoconductive impulse response and excess 
carrier lifetime of semi-Snsulating CreGaAs i s  studied experimentally 
and analyti cally. I n  the translent photoconductive experimnt, the 
material i s  irradiated with a continuous train o f  picosecond light pulses 
with photon energy above the band-gap energy, generated by the passively 
mode locked Ckl dye laser described i n  p a r t  I ,  A photoconductive decay 
time of 67 psec i s  deduced from the observations and interpreted as the 
result of both bulk and surface recombination. I t  i s  shown that i t  agrees 
we1 1 with longer carrier lifetime in Cr:GaAs measured under steady state 
conditions with longer i 11 umination wavelengths. 
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P a r t  I 
DESIGN, CONTROL, AND CHARACTERIZATION OF THE 
PASSIVELY  MODE LOCKED CW DYE LASER 
Chapter 1 
THE MODE LOCKED LASER--GENERAL INTRODUCTION 
1.0 I n t r o d u c t i o n  
L i g h t  pulses have been used t o  s tudy p h y s ~ c a l  processes f o r  hundreds 
of years. A dramatic improvement i n  t h e  t ime r e s o l u t i o n  took p lace about 
f i f t e e n  years ago when the  mode locked l a s e r  was invented.  A Me-Ne l a s e r  
was the  f i r s t  t o  be mode locked, as repo r ted  by Hargrove e t  a1 . i n  1964 
[I]. Since then, several methods and many c o n f i g u r a t i o n s  have been 
demonstrated which produce U S  t r a s h o r t  pulses by locks'ng t h e  phases o f  
the  l a s e r ' s  modes. To date, pulses as s h o r t  as 0.3 picoseconds have 
been re1  i a b l y  generated by some l aser osc i  1 1 a t o r s  . A n a l y t i c  model s have 
been developed t o  a degree t h a t  they  agree, a t  l e a s t  q u a l i t a t i v e l y ,  w i t h  
experimental r e s u l t s .  
I n  1975-76 when I looked i n t o  t h e  p o s s i b i l i t i e s  o f  s tudy ing  u l t r a -  
f a s t  phenomena i n  serniconductors by p ic tsecond l i g h t  pulses, I found the  
f i e l d  o f  mode l o c k i n g  i n  a stage o f  advanced research, b u t  n o t  y e t  developed 
t o  a usefu l  l e v e l  o f  p r a c t i c a b i l i t y .  Many i n v e s t i g a t o r s  had demonstrated 
t h e  p o s s i b i l i t y  o f  generat ing u l t r a s h o r t  o p t i c a l  pulses, b u t  very few had 
developed mode locked l a s e r s  which cou ld  have been used as r e l i a b l e  t o o l s  
i n  o the r  experiments. The most thorough ly  developed mode locked l a s e r  a t  
t h a t  t ime was t h e  Nd:glass whSch produced b u r s t s  o f  picosecond pulses w i t h  
r e l a t i v e l y  h igh  energies ((L mJJpulse). I-lowever, i n  1974 a CW dye l a s e r  
had been mode locked t o  generate a cont inuous t r a i n  o f  subpicosecond k i l o -  
w a t t  pulses [Z]. The power s t a b i l i t y  o f  t h i s  l a s e r  was f u r t h e r  improved 
i n  the  subsequent year  [ 3 j ,  thus making i t  the  most app rop r ia te  l a s e r  sys- 
tem t o  the experiments I planned. 
The design, c o n t r o l ,  and c h a r a c t e r i z a t i o n  o f  t he  pass ive ly  mode 
locked CW dye l a s e r  i s  the  sub jec t  o f  P a r t  I .  I n  l i g h t  o f  the  work o f  
o the r  i nves t i ga to rs ,  t he  emphasis w i l l  be on o r i g i n a l  and unpubl ished 
ma te r ia l ,  and t h e  reader w i l l  be r e f e r r e d  t o  the  1 i t e r a t u r e  when poss ib le .  
Before embarking on the  sub jec t  i t s e l f ,  the  concept o f  mode l o c k i n g  
and several methods used t o  r e a l i z e  i t  w i l l  be b r i e f l y  reviewed. 
1.1 The Concept o f  Mode Locking 
The t o t a l  e lect romagnet ic  f i e l d  i n  t he  l a s e r  o s c i l l a t o r  i s  t he  
superpos i t ion  o f  a l l  t he  o s c i l l a t i n g  modes: 
where En(x,t) i s  t h e  e l e c t r i c  f i e l d  amp1 i t u d e  and phase o f  the nth mode. 
I n  general, t h e  modes a r e  n o t  c o r r e l a t e d  and have random ampli tude and 
phase. The ou tpu t  power, thus, w i l l  f l u c t u a t e  due t o  i n t e r f e r e n c e  be- 
tween the modes, and i t s  frequency bandwidth w i l l  be l a rge .  More ordered 
ou tpu t  i s  expected i f  t h i s  randomness i s  removed. A l l ow ing  on l y  t h e  funda- 
mental Gaussian modes t o  o s c i l l a t e ,  o rde r  can be increased i n  one o f  two 
ways: e i t h e r  by e l i m i n a t i n g  a l l  But one mode, thus t r i v i a l l y  avo id ing  the  
random inter ference,  o r ,  a1 t e r n a t i v e l y ,  o rde r  can be increased by l o c k i n g  
a l l  the  r e l a t i v e  phases, so t h a t  t h e  i n t e r f e r e n c e  i s  n o t  random. 
The f i r s t  k i n d  descr ibed i s  t he  s i n g l e  mode, o r  monochromatic 
l ase r ,  w h i l e  t he  second i s  t he  mode locked l a s e r  which generates sho r t  
pulses. The s h o r t  pulses produced by the  mode locked l a s e r  a re  a  conse- 
quence o f  t h e  coherent  i n t e r f e r e n c e  between t h e  modes. To see t h i s ,  assume 
t h a t  t he  modes a r e  p lane wave modes o f  t h e  Fabry-Perot resonator  w i t h  u n i t  
amp1 i tude; then 
C i n  which Aw n , c i s  t h e  speed o f  l i g h t ,  L i s  t h e  l e n g t h  o f  t he  cav i t y ,  
and mn(t )  i s  the  phase o f  mode n. L e t  a l l  t he  phases be locked so t h a t  
mn(t )  = m, then 
where N i s  t he  number o f  o s c i l l a t i n g  modes. The power, P, i s  p ropo r t i ona l  
to I E t o t  ( t )12 ,  so t h a t  
2 
P ( t >  a 
s i n  Nwt/2) - 
s i  n2 (wt /2 )  
The output  i s  thus a  t r a i n  o f  pulses, separated i n  t ime by 2L/c, and i n  
2n ' , where AvQ i s  the  t o t a l  space by 2L. The pu lse  w i d t h  i s  A t  ?. ~x?. - 
band w id th  spanned by the  o s c i l l a t i n g  modes. 
1.2 Methods o f  Plode Locking 
Consider f i r s t  a steady s t a t e  s i t u a t i o n  i n  which a  pu lse  i s  t r a v e l -  
i n g  back and f o r t h  i n  a l a s e r  resonator ,  gated by a  shu t te r .  I f  the  
s h u t t e r  opens o n l y  when the  pu lse  a r r i v e s  a t  i t ,  and c loses  immediately 
a f t e r  the  pu lse  has passed through, then t h e  pu lse  does n o t  "see" the  shut- 
t e r  a t  a l l ,  and the  modes, which a r e  i t s  F o u r i e r  components, w i l l  o s c i l l a t e  
w i thou t  pe r tu rba t i on .  A l l  o t h e r  modes t h a t  might  be present  i n  the  l a s e r  
resonator  w i l l  s u f f e r  h igh  loss ,  and consequently w i l l  n o t  o s c i l l a t e .  
This  simple model, a l though n o t  cover ing  a l l  t h e  methods used t o  
o b t a i n  mode lock ing ,  i s  very  h e l p f u l  i n  p r a c t i c a l  cons idera t ions  o f  t he  
cons t ruc t i on  o f  mode locked lasers .  
The i d e a l  s h u t t e r  keeps t h e  phases o f  t he  modes locked. The 
var ious methods of mode l o c k i n g  d i f f e r  from one another  main ly  by the  
device o r  medium which p lays  the  r o l e  o f  t h i s  shu t te r .  I n  the  f i r s t  
demonstrat ion o f  mode lock inq ,  a  v i s i b l e  He-Ne l a s e r  and an u l t r a s o n i c  
d i f f r a c t i o n  modulator were employed [l 1. S h o r t l y  af terwards,  Yar iv  [4]  
showed t h a t  msde l o c k i n g  o f  an inhomogeneously broadened l a s e r  can be 
p red i c ted  from Maxwell ' s  equat ions when e i t h e r  t h e  c o n d u c t i v i t y  ( i  .e., 
the  l o s s  o r  t he  ga in )  o r  the  d i e l e c t r i c  constant  ( i .e . ,  t h e  phase) i s  
per turbed harmonical ly .  When an acoustoopt ic  o r  e l e c t r o o p t i c  modulator 
i s  i nse r ted  i n t o  the  c a v i t y  t o  l o c k  the  modes, t he  method i s  c a l l e d  
a c t i v e  mode lock ing ,  because the  modulator i s  d r i v e n  by a  source inde- 
pendent o f  t he  l ase r .  
Under the  category o f  mode l o c k i n g  by ga in  modulat ion, we can i n -  
c lude the  synchronously mode locked l a s e r .  Here one l a s e r  i s  a c t i v e l y  
mode lockel l  t o  generate s h o r t  pulses which a r e  then employed t o  pump 
another l a s e r .  The o p t i c a l  lengths  o f  t h e  c a v i t i e s  of t he  two l a s e r s  
must be matched. 
I n  c o n t r a s t  t o  a c t i v e  msde lock ing ,  passive mode l o c k i n g  does n o t  
r e q u i r e  any ex te rna l  source t o  d r i v e  t h e  s h u t t e r ,  and the  c o n t r o l  i s  
provided by the  l a s e r  i t s e l f .  The technique i s  based on the  transmis- 
s ion  c h a r a c t e r i s t i c  o f  sa tu rab le  absorbers ( u s u a l l y  dye s o l u t i o n s ) ,  as 
showninFigure1.2.1.  The absorSption c o e f f i c i e n t  i s  a  f u n c t i o n  o f  t he  
i n t e n s i t y  and uFten can be approximated by 
F q 1 2 1 Typi cal dependence o f  a sa turable  absorber transmission on 





F i q ,  1,2.2 Pulse narrowin9 by a c o h i n a t i o n  o f  a sa turable  absorber 
and a nonlinear a ~ l i f i e r ,  
IS i s  c a l l e d  the  s a t u r a t i o n  i n t e n s i t y .  Typ ica l l y ,  f o r  dyes s u i t a b l e  
4 7 2 f o r  mode lock ing ,  Q 10 -10 W/cm (see Sect ions 2.3 and 2.4). 
I s  
When passing through a  sa turab le  absorber c e l l  , h igh power pulses 
suf fer  minimum l o s s  due t o  t h e i r  b leaching ac t i on .  Using t h i s  proper ty  
of the  dye, i t  i s  poss ib le  t o  operate the  l a s e r  such t h a t  only a  s i n g l e  
pulse t r a v e l s  i n  the  c a v i t y ,  wh i l e  a l l  the  smal ler  pulses have been a t -  
tenuated. V i s u a l i z i n g  the  sa turab le  absorber as a  shu t te r ,  i t  can be 
considered open when the  dye i s  bleached by the  1  eading edge o f  t he  
pulse, and c losed when the  absorp t ion  o f  t h e  dye has recovered t o  i t s  
small s igna l  value. For good mode lock ing ,  the  absorp t ion  band o f  t he  
dye must con ta in  the  l a s i n g  bandwidth, and i t s  absorp t ion  recovery t ime 
must be sho r te r  than the  round t r i p  t ime o f  t he  pu lse  i n  the  resonator  
(assuming the  absorber dye c e l l  i s  near one end o f  t h e  c a v i t y ) .  Garmire 
and Yar iv  [5] showed t h a t  t h e  r e s u l t i n g  pulse will have du ra t i on  equal 
t o  the  recovery t ime o f  t he  sa turab le  absorber. This i s  expected i n  
1  i g h t  o f  t h e  simple s h u t t e r  model described a t  t h e  beginning of t h i s  
sec t ion .  
Pulses which are  considerably sho r te r  than the  recovery t ime o f  
t h e  saturable absorber can be generated by a  combination o f  a  sa turab le  
absorber and a non l i nea r  a m p l i f i e r  (i .e., t he  sa turab le  ga in  medium). To 
understand the  process involved,  we assume t h a t  a  pulse i s  a l ready t r a v e l -  
i n g  back and f o r t h  i n  the c a v i t y .  L e t  us f o l l o w  F igure  1.2.2. When the  
l ead ing  edge o f  t he  wide pulse a t  t h e  l e f t  i s  absorbed, i t  bleaches the  
sa turab le  absorber and the  r e s t  o f  t h e  pulse i s  t ransmi t ted  w i t h  a  m i n i -  
mum o f  loss.  The pulse i s  thus sharpened asymmetr ical ly.  Then i t  passes 
through the  gain medium. The invers ion ,  which i s  f i n i t e ,  can be g r e a t l y  
reduced or  even eliminated i n  the process of amplifying the front  edge 
and the peak of the pulse, leaving l i t t l e  gain for  the t r a i l i ng  edge. 
This will fur ther  narrow the pulse. This i s  the principle beyond the 
passively mode locked CW dye laser  which has generated the shortest  
pulses to date (QJ 0.3 psec). 
1 - 3  Out1 ine of Part I 
In Chapter 2 ,  the passively mode locked CW dye laser  system i s  
described in de ta i l .  I t s  multi-mirror resonator i s  analyzed i n  Chapter 
3.  In Chapter 4 ,  the monitoring of the laser  operation by pulse and 
band width measurements i s  discussed, while the control of the system 
and i t s  output character is t ics  a re  described in Chapter 5. 
Chapter 2 
THE PASSIVELY  MODE LOCKED CW DYE LASER 
2 . 0  Introduction 
Several configurations of passively mode locked CW dye lasers  which 
produce subpicosecond pulses have been demonstrated f 31 ,[6]. They are  
a l l  based on a combination of a slow saturable absorber (with recovery 
times u p  t o  a few nanoseconds) and a nonlinear amplifier. The differences 
a re  generally in the optical resonator or the dyes used. 
The configuration which will be described here was suggested and 
demonstrated f i r s t  by lppen and Shank [J],  but much of the understanding 
of i t s  behavior was not available and had t o  be derived here. In t h i s  
laser ,  rhodatnine 66 i s  employed as a gain mediurn,and a mixture of 
DODCI (3,3'-diethyloxadicarbocyanine iodide) and malachite green i s  used 
as a saturable absorber. The output pulses a re  about 1 psec in duration 
and are  chirped. After compression, t h e i r  duration can be reduced to  
' ~ 0 . 3  psec. The absorption band of the absorber l imits  the tunabili ty 
to  the range of 5900-61501. The shortest  pulses a r e  obtained 
within the range of 6100-6150R. 
This chapter s t a r t s  with a discussion of the mode locking process 
in the laser.  Then, before describing the dyes used in the system, the 
general properties of dyes a re  br ie f ly  reviewed. Next, the basic con- 
figuration of the passively mode locked CW dye l a se r  i s  presented. The 
acoustooptic device, used to  couple the pulses out of the cavity, i s  
then discussed in de ta i l .  Finally, the laser  configuration, which has 
been employed fo r  the experiments reparted in the second part  of th i s  
t h e s i s  i s  described. 
2.1 Mode Locking o f  a  Dye Laser by a  Combination o f  a  Saturable Absorber 
and a  Nonl i near Amp1 i f  i e r  
I n  Sect ion 1.2 we saw t h a t  when a  s i n g l e  sa tu rab le  absorber i s  used 
f o r  mode lock ing ,  i t s  recovery t ime  imposes a  lower l i m i t  on the  pu lse  
du ra t i on  [ 5 ] .  However, when the  sa tu rab le  absorber i s  requ i red  t o  con- 
t r o l  o n l y  t he  l ead ing  edge, w h i l e  t h e  t r a i l i n g  edge i s  being c o n t r o l l e d  
by the  non l inear  a m p l i f i e r ,  much narrower pulses can be obtained. A  
schematic drawing o f  such a system i s  shown i n  F igu re  2.1.1. Mathemati- 
c a l l y ,  the process can be descr ibed by  the  n e t  ga in  r ( t )  = y ( t )  - a ( t ) ,  
where y ( t )  i s  t h e  a m p l i f i e r ' s  ga in  c o e f f i c i e n t ,  and a ( t )  i s  the  l o s s  coef -  
f i c i e n t  o f  t he  sa tu rab le  absorber. Sharpening o f  t h e  pu lse  occurs i f  
r ( t )  i s  p o s i t i v e  o n l y  i n  the  neighborhood o f  the peak a f  t he  pulse. 
The requirements o f  the  resonator  and the  dyes a r e  [7]:  1 )  The re -  
l a x a t i o n  t ime o f  t he  a m p l i f y i n g  mediurn should be on the o rde r  s f  the  
c a v i t y  round t r i p .  2 )  The absorp t ion  c ross-sec t ion  o f  the  absorber i s  
more than tw ice  as l a r g e  as t h e  a m p l i f i c a t i o n  cross sec t i on  of t he  ga in  
medium. The f i r s t  requirement ensures c o r r e c t  t i m i n g  o f  t h e  a r r i v a l  o f  
t he  pulse a t  t he  a m p l i f i e r ,  w h i l e  the  second ensures t h a t  t he  absorber 
sa tura tes  be fore  t h e  ga in  medium does. Dyes s u i t a b l e  f o r  use as ga in  
media t y p i c a l l y  recover  w i t h i n  5 nsec. Consequently, e q u i l i b r i u m  i s  
q u i c k l y  es tab l i shed  between r a d i a t i o n  i n  t he  c a v i t y  and the  popu la t ion  
i n v e r s i o n  o f  t he  dye molecules. This  i s  i n  c o n t r a s t  t o  mode locked s o l i d  
s t a t e  lasers ,  where the  recovery t ime i s  much longer,  so t h a t  once 
depleted t h e  ga in  never recovers w i t h i n  the  du ra t i on  o f  the  pump pulse. 
gain 
medium 
Fig. 2.1.1 Basic conf igurat ion o f  a CW dye 1 aser mode 1 ocked by a 
combination of a. saturable absorber and e nonl inear gain 
med i urn, 
An a n a l y t i c  model which had been proposed by New [7],[8] was 
r e f i n e d  by Haus [9], who a r r i v e d  a t  c losed form expressions f o r  t he  
shape, width, and energy o f  t he  pulse.  The parameters he used t o  descr ibe 
the  system a r e  the  l i n e  width,  t he  s a t u r a t i o n  energies o f  bo th  dyes, the 
r a t i o  between the  absorbing and a m p l i f y i n g  cross-sect ions,  and the  r a t i o  
o f  t he  c a v i t y  round t r i p  t o  t he  l a s e r  medium r e l a x a t i o n  t ime. Haus found 
t h a t  t he  i n t e n s i t y  p r o f i l e  o f  t he  pu lse  i s  t h a t  o f  a  squared secant hyper- 
b o l i c ,  i .e . ,  
I ( t )  
1  
2 cosh ( t / ~  ) 
P  
where T i s  a  cons tant  which i s  r e l a t e d  t o  t h e  pu lse  width.  The pu lse  
P 
w id th  i t s e l f  was found t o  be i n v e r s e l y  p ropo r t i ona l  t o  t he  pr ism band 
w id th  ( o r  any o t h e r  d i s p e r s i v e  element), t o  t he  pu lse  energy, and t o  the  
square r o o t  o f  t h e  smal l  s i gna l  va lue o f  t he  absorber lobs.  
U n t i l  now, we have n o t  considered the  e v o l u t i o n  s f  picosecond 
pulses from a  f r e e  runn ing  l a s e r .  I n i t i a l l y ,  t he re  a r e  i n t e n s i t y  f l u c t u -  
a t i o n s  which r e s u l t  f rom the  spontaneous emission. When the  sa turab le  
absorber i s  i n s e r t e d  i n t o  the  c a v i t y ,  s h o r t  pulses evolve from these 
f l u c t u a t i o n s  i n  a manner s i m i l a r  t o  t h a t  descr ibed i n  Sect ion 9.2. The 
randomness which i s  i nhe ren t  i n  t h i s  process exp la ins  the  imper fec t  
p e r i o d i c i t y  i n  t he  pu lse  t r a i n  em i t t ed  f rom t h e  l ase r ,  as w e l l  as the  
incomplete mode l o c k i n g  and the  background energy observed between pulses. 
The n o n l i n e a r i t y  o f  t h e  process speeds up t h e  narrowing o f  the  
pulse.  New [ a ]  c a l c u l a t e d  t h a t  i t  narrows by about a every c a v i t y  round 
t r i p .  Yasa e t  a l .  [ l o ]  found t h a t  150-190 round t r i p s  a r e  requ i red  i n  
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order to achieve a steady s t a t e  w i t h  the narrowest possible pulse. 
2 , 2  General Properties of Dyes 
The properties of dyes used in the laser  a re  important for  correct 
design and construction of the system. From the discussion i n  Section 
2 . 1 ,  i t  i s  c lear  tha t  for  mode locking, knowledge of the recovery times 
and absorption cross section o f  the dyes i s  essent ia l .  This i s  in addi- 
t ion to  parameters such as  the quantum efficiency and losses which af fec t  
the performance of f r ee  running lasers .  Before describing the properties 
of the dyes used in our l a se r ,  we will br ief ly  discuss properties of 
dyes i n  general. 
An energy level diagram s f  a typical dye molecule i s  shown 
schematically i n  Figure 2.2.1 [I 11. The vibrational-rotational s t a t e s  
a re  grouped according to  the i r  e lectronic  s t a t e s  which are  separated 
by about 10000-20000 cm-' . The vibrational levels a re  separated by 
about 1000 cm-' , and the rotational 1 eve1 s by 1-1 0 cm'l . The electron 
spin i s  used to  c lass i fy  the s t a t e s  as  s ingle t  S and t r i p l e t  T s ta tes .  
In r ea l i ty  these s t a t e s  a re  mixed due t o  spin-orbit  interaction. 
When a molecule i s  excited from So t o  S1 , say by absorbing a photon, 
i t  thermal izes to  the  bottom o f  s1 within several picoseconds [ I l l .  
This relaxation time might play an important role in synchronously 
pumped mode locked dye lasers ,  when the pumping pulses a re  of 
duration of several picoseconds. Once a t  the bottom of S , ,  a 











F i g .  2.2.1 A schenratic enerqy l eve l  diagram o f  a dye molecule 1, 
competing processes : 1  ) Rad ia t i ve  r e l a x a t i o n  t o  SO ( f l  uorescence) , 
2 )  second e x c i t a t i o n  t o  a  h igher  s i n g l e t  s t a t e  by absorbing another 
pumping photon, 3)  n o n r a d i a t i  ve i n t e r n a l  t r a n s i t i o n  between S, and SO, 
and 4 )  non rad ia t i ve  t r a n s i t i o n  t o  T. The p r o b a b i l i t y  o f  t h i s  l a s t  
t r a n s i t i o n  i s  enhanced by the  m ix ing  between S and T  s ta tes .  
Populat ing T, has several  e f f e c t s  on t h e  dye l a s e r  performance: 
It reduces the  popu la t i on  i n v e r s i o n  between Sl and So and i t  increases 
absorp t ion  o f  l a s e r  photons by TI +- T2 t r a n s i t i o n .  
Several spec t ra l  p r o p e r t i e s  a re  common t o  many dyes [Ill: 1 ) The 
fluorescence peak occurs a t  wavelengths which a r e  l onge r  than t h a t  o f  
the  p r i n c i p a l  absorp t ion  peak. The f luorescence spectrum i s  genera l l y  
a  m i r r o r  image o f  t h a t  o f  t he  p r i n c i p a l  absorp t ion  band, and i t s  w id th  
i s  on the  order  o f  1000 cm-' . 2 )  The f luorescence l i f e t i m e  i s  t y p i c a l l y  
5 ns. 3 )  A f t e r  o p t i c a l  i r r a d i a t i o n ,  new l o n g - l i v e d  photoisomers a r e  
formed which might  absorb a t  a  d i f f e r e n t  band. Th is  fo rmat ion  may o r  
may n o t  be r e v e r s i b l e ,  depending upon the dye and t h e  i r r a d i a t i o n  i n -  
t e n s i t y .  
The fo rmat ion  o f  the  photoisomer, as w e l l  as t h e  r e l a t i v e l y  l ong  
l i f e t i m e  o f  t he  T1 l e v e l  (10" t o  10-~sec),  i m p l i e s  t h a t  f o r  CW opera t ion  
the  dye must be rep len ished cont inuous ly .  I n  ou r  l a s e r ,  f o r  instance, 
t he  dye c i r c u l a t e s  through a  r e s e r v o i r  which g ives  i t  ample t ime t o  
r e l a x  t o  i t s  ground s ta te .  
2.3 The Gain Medium 
The dye rhodamine 6G was chosen as the  g a i n  medium o f  the  l a s e r  
because o f  i t s  h igh  quantum e f f i c i e n c y  (= 0.83 [121). I t s  emission 
ranges from 57008, t o  64001, so t h a t  i t s  bandwidth i s  Av = 2000 cm-l . The 
f luorescence 1  i f e t i m e  o f  rhodamine 6G i s  % 5 nsec [13]. Consequently, 
t he  c a v i t y  l e n g t h  i s  chosen t o  be about 150 cm (10 nsec f o r  a  round 
t r i p ) .  As a  r e s u l t ,  the  popu la t i on  i n v e r s i o n  o f  the  ga in  medium i s  r e -  
covered t o  a  degree which a l lows t h e  n e t  gain, r ( t ) ,  t o  be p o s i t i v e  o n l y  
a t  t he  neighborhood o f  t h e  pu lse  peak (see Sect ion 2.1). 
The s a t u r a t i o n  i n t e n s i t y  ( a t  which the  absorp t ion  c o e f f i c i e n t  i s  
reduced by a  f a c t o r  o f  2)  can be e a s i l y  c a l c u l a t e d  f rom 
where hv i s  the  photon energy, T i s  t he  e x c i t e d  s t a t e  l i f e t i m e ,  and ~ ( v )  
i s  t h e  e x t i n c t i o n  c o e f f i c i e n t .  A t  t he  o p t i c a l  pump wavelength, h = 51451, 
so t h a t  
1~(51451)=  1.7 x  1 0 ~ ~ / c r n ~  
To min imize degradat ion o f  the dye, and thus t o  a l l o w  CW l a s e r  
operat ion,  t h e  dye s o l u t i o n  i s  c i r c u l a t e d .  This  way, molecules which 
have been transformed t o  photoisorners a re  '.eplaced w i t h  unexci ted ones. 
The dye s o l u t i o n  f l ows  w i t h  a  v e l o c i t y  o f  10-12 rn/sec, so t h a t  f o r  a  
beam spot  s i z e  o f  30 pm diameter, a  dye molecule t raverses  the i r r a d i -  
a ted  area i n  l e s s  than 3 psec. 
To reduce r e f l e c t i o n  losses and e t a l o n  e f f e c t s ,  t he  dye f lows i n  
f ree  a i r .  The so l ven t  i s  e thy lene g l y c o l  which, due t o  i t s  v i s c o s i t y ,  
can be formed i n t o  a  clean, f l a t  j e e  by a  nozzle which has a  nea r l y  
rec tangu lar  cross sec t i on  [14]. The cross sec t i on  dimensions were meas- 
ured t o  be 1 . 5 8 ~ 0 ~ 3 9  mm. However, t he  j e t  i s  n o t  un i fo rm ly  t h i c k .  
As a r e s u l t ,  t h e  ga in  o f  the  dye lase r ,  which i s  an impor tant  f a c t o r  
i n  good mode l o c k i n g  (see Sect ion 2.1 ), depends on the  p o s i t i o n  o f  the 
i r r a d i a t e d  area across t h e  j e t .  Therefore, t he  j e t  th ickness p r o f i l e  
i s  of i n t e r e s t .  It can be found by measuring t h e  t ransmission o f  t he  
argon l a s e r  beam ( A  = 51 458) through it, as shown. f o r  example, i n  
F igure 2.3.1. The curve i n d i c a t e s  t h a t  t h e  j e t  i s  about th ree  t imes 
t h i c k e r  near i t s  edges than a t  i t s  center .  
2.4 The Saturable Absorber Medi urn 
The sa turab le  absorber medium i s  a composite o f  two dyes, 
DODCI ( 3 , 3 '  -d iethy1 oxid icarboncyani  ne i o d i d e )  and malach i te  green, i n  
ethy lene g l yco l  so lu t i on .  DODCI i s  a slow saturab le  absorber: I t s  
f luorescence 1 i f e t i m e  i s  about 1.2 nsec [ I 5 1  , [ I71 ,[18], which i s  much 
longer than the subpicosecond pulses generated by DODCI mode locked 
dye lasers .  I t s  absorp t ion  and f luorescence spectra a re  shown i n  
F igure  2.4. la [15]. The dashed area i n d i c a t e s  t h e  range over which 
DODCI may be used t o  mode l o c k  rhodamine 66 lase rs  [16]. C lear ly ,  t he  
mode l o c k i n g  range i s  broader than the absorp t ion  band. Phis seeming 
discrepancy l e d  t o  the  suggest ion t h a t  a f r a c t i o n  o f  t he  DODCI i s  
transformed i n t o  a photo i  somer which absorbs a t  longer  wavelengths [I 63 .  
The spectra o f  absorp t ion  ( s o l i d  l i n e )  and probable f luorescence (broken 
1 i n e )  o f  the  photoisomer a re  shown i n  F igure  2.4.1 b [ l 5 ] .  The ground 
s t a t e  l i f e t i m e  o f  t he  photoisomer i s  ~ 0 . 3  msec [Is]. The f luorescence 
1 i f e t i m e  o f  DODCI i s  about 1.2 nsec [15,[17] ,[18]. Shorter  absorpt ion 
recovery t imes (250 ps [ I 9 1  and 10 ps [20]) were measured w i t h  h igh  
DISTANCE ACROSS DYE JET (mm) 
F i o .  2,3.1 Transmission o f  a focused argon l a s e r  beam ( ~ = 5 1 4 5 1 )  
t h r o u q h  t he  rhodamine 6G qain j e t ,  
F i g ,  2.4.1 Absorpt ion and f luorescence spec t ra  o f  ( a )  normal DODCI 
and (b )  i t s  photo i  ssnler 51 . 
power picosecond pul  ses. 
When mode l o c k i n g  the  l a s e r  w i t h  DODCI on ly ,  t h e  pump power i s  
kept  near t h resho ld  i n  o rder  t o  have o n l y  a  smal l  popu la t i on  
i nve rs ion  a t  the  ga in  medium (see Sect ion  2.1).  M ix ing  the  
s o l u t i o n  w i t h  malach i te  green permi ts  s h o r t  pu lse  ope ra t i on  we l l  above 
th resho ld  [3]. The recovery t ime o f  ma lach i te  green i s  2  ps [21]; 
however, by i t s e l f ,  i t  has n o t  produced s t a b l e  mode l o c k i n g  [3]. Figure  
2.4.2 shows t h e  absorp t ion  spectrum o f  a t y p i c a l  m ix tu re  o f  DODCI +mala- 
c h i t e  green [22]. The u n i t s  a re  o f  decadic absorp t ion  c o e f f i c i e n t ,  
1  i . e . ,  A = E M I - l o g  I. /I where M i s  t h e  molar  concent ra t ion ,  L i s  d  L 10 I n  tr' 
t h e  c e l l  th ickness,  Iin and Itr a r e  t h e  i n c i d e n t  and t ransn i i t ted  i n t e n s i -  
t i e s ,  respec t i ve l y ,  and cd i s  de f i ned  by t h i s  r e l a t i o n  t o  be the decadic 
e x t i n c t i o n  c o e f f i c i e n t .  
I n  Table I, fea tu res  o f  t h e  absorbing dyes i n  t h e  l a s e r  a r e  sum- 
marized. The molar concent ra t ion  corresponds t o  the  absorp t ion  
spectrum o f  F igure  2.4.2. The decadic e x t i n c t i o n  a t  61008 c o e f f i -  
c i e n t  i s  c a l c u l a t e d  f rom separate absorp t ion  spectra o f  DODCI and 
malach i te  green. I n  c a l c u l a t i n g  the s a t u r a t i o n  i n t e n s i t i e s  and 
energies, each absorber i s  assumed t o  be independent o f  the  others, 
i n c l u d i n g  the  photoisomer o f  t h e  DODCI, t he  concent ra t ion  o f  which i s  
tdken t o  be 1/10 o f  t h e  normal s t a t e  o f  t h e  dye [153. The i n t e r a c -  
-4 2  3 t i o n  volume used i s  0 . 0 2 5 ~  ?.r x  ( 5 x  10  ) cm . Note t h a t  under mode 
l o c k i n g  cond i t i ons  a  s a t u r a t i o n  energy r a t h e r  than a  s a t u r a t i o n  i n ten -  
s i t y  i s  defined, as the  pulses a r e  much s h o r t e r  than i n  the  exc i ted  s t a t e  

l i f e t i m e .  The s a t u r a t i o n  energies i n  Table I a r e  lower than the  c a v i t y  
energy o f  t h e  picosecond pulses, which i s  (3-10) x IO-'J. 
TABLE I 
DODC I Malach i te  Green 
Molecular weight  486.35 [23] 330.48 [24] 
Exc S ted-s t a  t e  
1 i f e t i m e  1.2 nsec [15,17,18] 2  psec [21] 
Molar concent ra t ion  3.6 x  IO-~FI  2.7 x I O - ~ M  
Decadic e x t i n c t j o  
c o e f f i c i e n t @ 6 1 8 0  !4 norm. 
(a 
0.3 x 105tr1"'~cm-~ 
S a t u r a t i  n  i n t e n s i t y  W norm. @ 6100 1 . 2 ~ 1 0 ~  ~ { c m  2  5 , l  x  10 8 ~ / c m  2 
ph, is .  ( b> 
2.7 x 105 Wcm2 
S a t u r a t i  n  energy i norm. @ 6100 1.2 x IO '~J  8.5 x  1 0 - l ~ ~  
pll. i s .  ( b )  
2.6 x  18-18 3 
-----.-- - - ---------*--------- -- 
(a )  norm = normdl; gh. is.= phatoisomer 
(b )  Assuming quantum e f f i c i ency  f o r  photoisomer format ion = 10% [15]. 
2.5 Basic Con f igu ra t i on  o f  t h e  Pass ive ly  Mode Locked CW Dye Laser 
The bas ic  c o n f i g u r a t i o n  o f  t h e  pass i ve l y  mode locked CW dye 
l a s e r  was shown schemat ica l l y  i n  F i g u r e  2.1.1. A f o lded  c a v i t y  con- 
f i g u r a t i o n  operated by us i s  shown i n  F igu re  2.5.1. The ga in  medium 

i s  s h i f t e d  f rom t h e  center  o f  t he  c a v i t y  t o  t h e  s i d e  oppos i te  the  
sa turab le  absorber. As a  r e s u l t ,  t h e  amp1 i f i e r  recovery w i l l  be more 
complete f o r  pulses a r r i v i n g  f rom t h e  absorber than i t  w i l l  f o r  pulses 
a r r i v i n g  f rom t h e  o ther  end. The c a v i t y  l e n g t h  i s  ~ 1 6 2 . 5  cm, so t h a t  
the  round t r i p  t ime i s  ~ 1 0 . 8  nsec, s l i g h t l y  more than tw ice  the  r e -  
covery t ime o f  t he  rhodamine 6G. The m i r r o r s '  r a d i i  o f  curva ture  a re  
10 cm a t  t he  g a i n  arm and 5  cm a t  t he  absorber arm. The output  COu- 
p l i n g  m i r r o r  i s  f l a t  and i t s  t ransmiss ion  i s  2% o r  l ess ,  A l l  o the r  m i r -  
r o r s  a re  d i e l e c t r i c  coated t o  have h igh  r e f l e c t i v i t y  i n  the  band 4500- 
65001, and a l l  a re  mounted i n  mounts w i t h  angu lar  r e s o l u t i o n  o f  0.1 mrad 
[25]. I n  each arm one o f  the m i r r o r  mounts i s  mounted on a  t r a n s l a t i o n  
stage. 
The c i r c u l a t i n g  systems o f  bo th  media a r e  i d e n t i c a l .  One i s  
schemat ica l l y  drawn i n  F igure  2.5.2. The dye pumps a r e  m i n i a t u r e  hy- 
d r a u l i c  pumps. The pore s i z e  o f  t he  f i l t e r s  i s  0.8 prn [27]. The r o l e  
o f  the shock cushion [28] i s  t o  reduce the  v i b r a t i o n s  o f  t he  f l o w i n g  dye. 
The nozzle was purchased f rom Coherent Rad ia t i on  [ I 4 1  and assembled i n  
a  ho lder  which a l lows smooth r o t a t i o n  around the  cen te r  l i n e  of t he  j e t .  
The ho lder  i s  mounted on an x-y-z m ic ropos i t i one r  which c o n t r o l s  t he  
j e t  p o s i t i o n  w i t h  a  r e s o l u t i o n  b e t t e r  than 25 urn. The dye s o l u t i o n s  f l o w  
3 a t  a  r a t e  of ~12m/sec  (2 ,  7.4 cm /sec).  The c i r c u l a t i n g  system i s  designed 
so t h a t  i t  can be dra ined by the  pump wheci t he  motor r o t a t e s  forward. I t  




F i q .  2.5.2 The dye s o l u t i o n  c i rcu la t ing  system. 
The prism i s  the tuning element of the laser .  I t s  role i s  to  
force the laser  to  operate a t  1.61001 rather than a t  short  wavelengths 
( A  < 51001), where the DODCI absorbs less  and the rhodamine 66 amplifi- 
cation i s  higher. I t  i s  a fu l l  Littrow prism with an apex angle of 69" 
so that  the 61008 dye laser  beam i s  incident a t  a Brewster angle from 
both directions.  
The argon-ion laser  beam i s  focused on the gain j e t  by one of the 
10 cm radius of curvature internal mirrors. I t s  spot s ize i s  50 pm while 
the spot  s i ze  of the dye laser  beam i s  q142 pin on the gain j e t  and 1.27 pm 
on the absorber j e t ,  
The laser  system described in t h i s  section i s  capable of generating 
a continuous t r a i n  of picosecond pulses such as those shown in Figure 
5.1.3. However, the output power i s  quite low: 50-1OOW peak power. The 
modification of the laser ,  so that  i t  will emit more powerful pulses, i s  
described in the next two sections. 
2.6 Increasing the O u t p u t  Power of the Laser: The Dumper -- 
The saturable absorber adds loss t o  the cavity. To lower the 
overall loss,  and thus to  improve the cavity Q-factor,  the transmission 
of the output mirror must be low, typical ly  2% or less .  As a resu l t ,  
only a small fraction of the cavity energy i s  coupled out. 
To increase the output power, a l l  the mirrors a re  coated to high 
r e f l ec t iv i ty  and an acoustooptic modulator, made of fused s i l i c a  crystal  
and a transducer, switches the beam out of the cavity by Bragg diffrac-  
tion whenever i t  i s  energized by an r f  wave. For physical de ta i l s  see, 
for  example, Ref. [29a J .  
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An acoustoopt ic  ou tpu t  coup ler  Model 365 was purchased from 
Spectra Physics [30]. The medium i s  a b lock  o f  fused s i l i c a  ( 4 . 8 ~ 4 ~  
4,8 mm). A t h i n  f i l m  t ransducer i s  sput te red  on the  bottom surface, 
2 and acoust ic  power up t o  16 HW/cm can be de l i ve red .  The transducer i s  
d r i v e n  by Model 465 modulator d r i v e r  by Spectra Physics [30], which i s  
an e x t e r n a l l y  t r i g g e r e d  rf pu lse r  w i t h  5 nsec r i s e  t ime. The rf f re -  
quency i s  f i x e d  t o  470 MHz. 
To achieve a sho r t  o v e r a l l  r i s e  t i n e ,  t he  acous t i c  wave should 
t raverse  q u i c k l y  across the  o p t i c a l  beam. Consequently, the  dye l a s e r  
beam must be focused down t o  a w a i s t  diameter o f  
2wo = vSt, (2.6.1) 
5 For tr = 5 nsec and vs = 5 . 9 5 ~  10 cm/sec [29b], (2.6.1) imp l i es  2wo= 30 urn. 
To focus the  beam, the  f l a t  end n r i r r s r  o f  F igu re  2.5.1 i s  replaced by a 
f o l d i n g  curved m i r r o r  ( R  = 20 cm) and an end curved m i r r o r  ( R  = 10 cm) . 
F igure  2.6.1 shows the  "dumper arm." P i s  t he  pr imary  d i f f r a c t e d  beam, 
and S i s  t he  secondary. I f  the  d i f f r a c t i o n  e f f i c i e n c y  o f  t he  pr imary 
beam i s  Q, then the  e f f i c i e n c y  o f  t he  secondary beam i s  ( 1 - n ) ~ .  There- 
fo re ,  w h i l e  i n  p r i n c i p l e  the  pr imary  beam can c o n t a i n  100% o f  the  c a v i t y  
pulse, the  secondary can have a t  most 25% o f  i t .  The d i f f r a c t i o n  e f f i -  
c iency  i s  g iven by [29a] 
I d  r \ =  - -  2 nR -- - s i n  (- +'MIa) 
I i A,? 
i n  which R i s  t he  i n t e r a c t i o n  length,  M i s  an acoustoopt ic  f i g u r e  o f  
2 
m e r i t ,  and Ia i s  the  i n t e n s i t y  o f  t he  acoust ic  wave i n  watts/m . 
F i g .  2.6.1 The dumper arm. P i s  t he  p r ima ry  beam e x t r a c t e d  f rom 
the cav i t y ,  S i s  the  secondary one (see t e x t ) ,  
For M =  1.51 x 10'15 MKS and n = 1.46 [29b], equation (2.6.2) predicts 
maximum efficiency of 982, but in practice i t  has been measured to  be 
% 30% in the lowest order of diffract ion.  
When a cavity dumper i s  operated in a passively mode locked dye 
l a se r ,  the process of extracting energy perturbs the steady s t a t e  of 
the laser  system. As a resu l t ,  some time i s  required to  restore  the 
power and pu1 se duration to  the i r  steady s t a t e  values (see Section 2.1 ). 
Consequently, the following requirements a re  imposed upon the dumper: 
1 )  I t  must have a r i s e  time shorter than the cavity round t r i p  time ( t o  
operate a t  maximum diffract ion eff ic iency) .  
2 )  The dumper should not be activated for  longer than twice the cavity 
round t r i p  time ( t o  enable dumping of a single pulse a t  a time.) 
3 )  Pulses should be durnped a t  a r a t e  which allows the system t o  recover. 
The randomness inherent i n  the passively mode locked dye laser  (see Sec- 
t ion 2.1) and the perturbation by the dumper r e su l t  in a t r a jn  of pulses 
which are  not perfectly periodic. This imposes a fourth requirement: 
4) Activation of the dumper must be synchronized with the cavity pulses. 
To meet these requiretnents, the synchrsnizl'ng "lop of Figure 
2.6.2 has been devised. A f a s t  detector [31] samples the pulses as they 
are  weakly reflected from the prism. The resulting current pulses a re  
11 amplified and act ivate  a counter [32]. Every 2048 (=  2 ) counts, which 
are  equivalent to  ~ 2 2  psec, a voltage pulse generator i s  triggered. The 
delay between the t r igger  and the generator output pulse can be con- 
t ro l led  as well as the pulse height and width. This voltage pulse ac t i -  




Fig .  2.6.2 The dumper synchronizing loop. 
F i g .  2.6.3 The amplitude-modtrlated rf voltage o f  the dumper driver. 
Fi g, 2.6,4 The duration of the shortest acti vati on pulse compared to the 
cavity round t r i p  time of the picosecond pulse, 
s h o r t e s t  a c t i v a t i n g  pu lse  i s  o f ~ 1 6  nsec FWHM, b u t  i s  more than 20 nsec 
wide a t  i t s  bot tom ( i t s  r i s e  t ime  i s  %4 nsec) ,  as seen i n  F igu re  2.6.4. 
As a  r e s u l t ,  when delayed fo rop t imum e f f i c i e n c y ,  t h e r e  a r e  s t i l l  rem- 
nants  of t he  two pulses ad jacen t  t o  t h e  main one (see F i g u r e  2.7.2) .  
2.7 The Pass i ve l y  Mode Locked Ct4 Dye L a s e r w i t h  a  Dumper -- - - 
The c o n f i g u r a t i o n  o f  t h e  p a s s i v e l y  mode l ocked  dye l a s e r  w i t h  
t h e  dumper i s  drawn schema t i ca l l y  i n  F i g u r e  2.7.1. Th i s  i s  t he  l a s e r  
system which has been used f o r  t h e  exper iments  which a r e  descr ibed  i n  
t h e  second p a r t  o f  t h i s  t h e s i s .  
Osc i l l oscope  d i s p l a y s  o f  t h e  dumped pu l se  and o f  t h e  c a v i t y  energy 
(sampled f rom r e f l e c t i o n  a t  t h e  p r i sm)  a r e  shown i n  F igu res  2.7.2 and 
2.7.3,  r e s p e c t i v e l y .  N o t i c e  t h e  remnant o f  t h e  pu lses  ad jacen t  t o  t he  
main dumped pu l se  ( F i g u r e  2.7.2) and the system recove ry  t ime  ( F i g u r e  
2.7.3). Th i s  l a s e r  emi ts  1-4 kW pu lses  o f  d u r a t i o n  1-2 psec a t  a  repe-  
4 t i  t i o n  r a t e  o f  4 . 5  x 10 pps. The wave l rna th  o f  t h e  pu lses  i s  6100-61 508, 
t h e  pu lses a r e  ch i rped ,  dnd i t  i s  p o s s i b l e  t o  compress them t o  a  w i d t h  
o f  .\. 0.3 psec [3]. 
I n  t h e  f o l l o w i n g  chap te rs  t h e  l a s e r  resonato r ,  p icosecond pu l se  
w i d t h  measurements, and t h e  a l i gnmen t  o f  t h e  system w i l l  be discussed. 

Fig ,  2.7.2 A detector-limi ted display of the dumped pi sosecond pu1 se. 
Note the remnants of the previous and the following pulses 
(510 ns from the main pulse), Pulse energy i s  several 
nanojoul es. 
F4 g .  2.7.3 The cav i t y  energy o f  a  dumped l aser. The lower t race shows 
the i nd i v i dua l  pulses. Coupling e f f ic iency i s  seen t o  bs %409:, 
The upgar t race shows the system recnvs~$  % - , ~ R T @ ,  To ensure 
f u l l  recovery, the repe t f  l i o n  r a t e  was reduced from t h a t  shown 
i n  the f igure t o  ~ 4 x 1 0 ~ ~ ~ s .  
Chapter 3 
MULTI-ELEMENT RESONATORS FOR FREE-RUNNING AND 
MODE LOCKED CW DYE LASERS 
3.0 I n t r o d u c t i o n  
There a r e  c e r t a i n  dimensional c o n s t r a i n t s  imposed on an o p t i c a l  
resonator  i f  i t  i s  t o  support low l o s s  l a s e r  modes [33]. A resonator  
which s a t i s f i e s  these cond i t i ons  i s  commonly r e f e r r e d  t o  as s tab le .  The 
s t a b i l i t y  requirement i s  complicated i n  our system, s ince i t  employs 
two end-mirrors which farm the  resonator ,  f o u r  focus ing o p t i c a l  e l e -  
ments ( lenses o r  m i r r o r s ) ,  two f l ow ing  j e t s ,  a  f u s e d - s i l i c a  b lock  ( t h e  
dumper), and a  prism. The understanding o f  the  e f f e c t  o f  a1 1  these 
components on the  s t a b i l i t y  o f  t h e  resonator  and on the  bearn parameters 
i n  it, i .e . ,  t he  s i z e  and ' locat ion o f  t he  beam wais ts , is  very important  
f o r  a  c o r r e c t  design and a  proper al ignment procedure o f  t he  m u l t i -  
element l ase r .  
This problem i s  addressed i n  t h i s  chapter.  It s t a r t s  by prepar ing 
the  mathematical t o o l s  used i n  resonator  ana lys is .  Then a  c a v i t y  w i t h  
o n l y  one i n t e r n a l  lens  i s  s tudied.  The compensation o f  t he  ast igmatism 
which i s  in t roduced by t i l t e d  components i n  t h i s  c a v i t y ,  such as a  dye 
c e l l ,  i s  a l s o  discussed. The ana lys i s  o f  t h i s  simple c a v i t y  no t  on l y  
c l a r i f i e s  a n a l y t i c a l l y  the  numerical i n v e s t i g a t i o n  o f  the  m u l t i - m i r r o r  
cav i t y ,  bu t  a l s o  formulates a  design o f  a  CW dye l a s e r  which i s  opt imal 
i n  terms o f  power s t a b i l i t y  and best  co l l ima ted  output  beam. Next, 
the cavi t y  o f  t i l e  pass ive ly  mode 1  ocked dye 1 aser w I t h  a  dumper i s  
analyzed. 
3.1 Charac te r i za t i on  o f  Gaussian Beams 
U n l i k e  t h e  mathemat ica l ly  de f i ned  plane waves, o p t i c a l  beams a re  
conf ined i n  space. The s p a t i a l  and temporal d i s t r i b u t i o n  o f  t he  beam 
energy can be found by s o l v i n g  Maxwell equat ions i n  t he  proper medium. 
This s o l u t i o n  w i l l  be reviewed b r i e f l y  here so as t o  d e f i n e  the  var ious  
parameters i nvo l ved  i n  t h e  c a l c u l a t i o n s  which f o l l o w .  De ta i l ed  so lu -  
t i o n s  can be found i n  many textbooks. The d iscuss ion  here fo l l ows  Yar iv  
[29c]. 
Maxwell equat ions i n  an i s o t r o p i c  charge- f ree medium a re  
Assume a  harmonic f i e l d  
Then 
i n  which 
2 2 
k ( r )  = w p ~ ( r ) [ 1  - i ~ ( r ) / w ~ ]  
I n  a  homogeneous medium, k i s  independent o f  r .  D e f i n i n g  t h e  propaga- 
t i o n  d i r e c t i o n  t o  be z, we can d e f i n e  a  func t i on  +(x,y,z) by 
a Assuming k - $ >> a* 2 a z 7 3  << k (3.1.3) becomes a z 
L aL 2 - a + -  where Vt = 2 Transforming t o  c y l i n d r i c a l  coord ina tes  (r,$,z) ax ay2' 
1 2  2 i n  which r = y x  + y  , Vt becomes 
The most fundamental s o l u t i o n  i s  found when no az imuthal  v a r i a t i o n  o f  
$ i s  assumed, i .e., a+/ag = 0. In t h i s  case (3.1.6) i s  so lved t o  g i v e  
W 
o k r  2 E(X,Y,Z) = Eo . g ~ -  exp { - i [ kz  - r i ( z ) l  - i qw} (3.1.8) 
where 
1 - 1  a 
m=Tqzj- - 1 ---- 2 nnw ( z )  
i n  which, by d e f i n i n g  
n-ww 2 - 0 - -  
A 
t h e  parameters a r e  de f i ned  by 
and 
-1 z Q ( Z )  = t an  - 
zo 
I t  i s  easy t o  see t h a t  the  e l e c t r i c  f i e l d  ( t h e  r e a l  p a r t  o f  (3.1.8) has 
a Gaussian d i s t r i b u t i o n ,  and i t  f a l l s  t o  i t s  1/e peak value a t  a d is tance 
r = w(z) f rom t h e  o p t i c a l  ax i s .  The minimum o f  w(z) ,  wo, occurs a t  the  
so-ca l led  "wa is t  o f  the  beam," which, i n  the  c a l c u l a t i o n s  above, was 
taken t o  be a t  z  = 0. A t  t he  w a i s t  R(0) = m,  and a t  z2 >> r2, R(z) 
approaches t h e  rad ius  o f  cu rva tu re  of a spher ica l  wave. Accordingly ,  i t  
i s  r e f e r r e d  t o  as t h e  " rad ius  o f  cu rva tu re "  o f  t h e  beam. The confocal  
parameter, z i s  a convenient v a r i a b l e  (sometimes i t  i s  def ined by b=2zo). 
0 
H o t i  ce t h a t  i f  z  = zo, then 2 2 w (zO) = boy and ~ ( z ~ )  = 2z. 
The d i  f f r a c t i o n  angle i s  g iven by 
w(z> t a n  0 = --- 
Z 
or ,  f o r  z >> zo and h << w , 
0 
3.2 The ABCD Trans fer  M a t r i x  and the  Imaging Rules 
When propagat ing a d is tance d through a homogeneous space, t h e  
complex beam parameter q, i s  transformed 1 i n e a r l y  
When passing through a t h i n  lens, w(z) i s  conserved, w h i l e  t he  beam rad ius  
of curva ture  i s  transformed by 
Therefore, 
1  - 1 1  -- - - - -  
qout  q i n  f 
If qin and qout a re  measured a t  d is tances  dl and d2 f rom the  lens,  re -  
spec t i ve l y ,  then by combining (3.2.1) and (3.2.3) we f i n d  
- (1 -d2/f )qi f (dl +d2-dl dp/ f )  Aqi + B - - - 
qout 
- 
-qin/f + ( I -d l / f )  Cqin + D (3.2.4) 
The constants A,B,C, and D a re  i d e n t i c a l  t o  t he  elements o f  a  m a t r i x  
which t ransforms the  parameters o f  a  pa rax ia l  r a y  when i t  passes through 
the  same o p t i c a l  system [34], [33 1, [29c] : 
A 
- 
r ' ou t  C 
where r i s  t h e  r a y  d is tance f rom the  o p t i c  a x i s  and r '  i s  i t s  s lope 
w i t h  respect  t o  t h i s  ax i s .  
This i d e n t i f i c a t i o n  o f  A,B,C, and D as m a t r i x  elements i s  very  
h e l p f u l  i n  t r a c i n g  a  Gaussian beam when propagat ing through a se r ies  o f  
complex l e n s - l i k e  media, as the  ABCD m a t r i x  o f  t he  system can be found 
by sequent ia l  m u l t i p l i c a t i o n  o f  t he  r a y  mat r ices  o f  t he  subsystem u n i t s .  
An impor tan t  a p p l i c a t i o n  o f  t he  ABCD m a t r i x  i s  found i n  c a l c u l a t -  
i n g  the  complex parameter o f  a beam i n  an empty resonator :  I f  we t r a c e  
t h e  beam along a r o u n d - t r i p  o f  t h e  c a v i t y ,  i t s  complex parameter, q, 
should be se l f - cons i s ten t ,  regardless o f  t he  p lane a t  which we s t a r t e d  
the  t rac ing .  If we denote by z t he  coord ina te  a long the  c a v i t y  and 
s u b s t i t u t e  q  = qin - - qout i n  equat ion  (3.2.4), we f i n d  
so t h a t  
and 
C lea r l y ,  t he  resonator  i s  s t a b l e  o n l y  i f  
For example, assume an empty two-mi r ro r  resonator .  It i s  easy t o  show 
t h a t  
i n  which R1 and R2 a r e  the  r a d i i  o f  cu rva tu re  o f  t h e  mir rors,  de f ined 
p o s i t i v e  when t h e i r  centers  o f  cu rva tu re  a r e  i n  t he  d i r e c t i o n  o f  each 
other ,  and d  i s  t h e  spacing between them. 
The parabola (3.2.16) i s  p l o t t e d  i n  F igu re  3.2.1. The heavy l i n e  
i s  the  reg ion  where t h e  i n e q u a l i t y  o f  (3.2.9) i s  s a t i s f i e d .  We w i l l  
c a l l  i t  the  " s t a b i l i t y  reg ion . "Thus ,  t he re  a r e  t k ~ o  s t a b i l i t y  regions:  
(a > O < d < R 1  
This example i s  f a r  more general than i t  might  seem t o  be. Any resona- 
t o r  w i t h  i n t e r n a l  lenses can be mathemat ica l ly  transformed t o  an 
equ iva len t  empty two-mi r ro r  resonator  by employing the  imaging r u l e s  
Fig. 3.2.1 A stability diaqram for two mirror resonators. W+D i s  the ABCD 
matrix trace, $ i s  the mirror spacing, and R I  and R 2  are their 
radii o f  curvature. Strrbi l i  ty regions are i n d i  eated by the heavy 
1 ines. 
g iven by Kogeln ik  [33], R e f e r r i n g  t o  F igu re  3.2.2, these r u l e s  s t a t e  
t h a t  t he  combinat ion of t h e  m i r r o r  R and t h e  l e n s  f can be replaced 
by a  s i n g l e  equ i va len t  m i r r o r ,  t h e  r a d i u s  o f  cu rva tu re  o f  k h i c h  i s  
g iven  by 
3 
R '  = R f '  
(- 
pos i t i oned  a t  a  d i s tance  
away from t h e  lens .  The diameters o f  t h e  two m i r r o r s  a r e  r e l a t e d  t o  
each o t h e r  by 
a '  - f - - -  
a f - d  
3.3 Resonators w i t h  an I n t e r n a l  Lens -
Two-mirror resonators a r e  n o t  very  s t a b l e  when used f o r  CW dye 
l a s e r s .  Consider t h e  c a v i t y  o f  F igu re  3.3.1. Using t h e  beam parameters 
de f i ned  i n  Sec t i on  3.1, i t  i s  easy t o  show t h a t  
where wo i s  t h e  rad ius  o f  t h e  beam a t  t h e  f l a t  m i r r o r ,  zo i s  t he  confo- 
c a l  parameter, and L  i s  t h e  m i r r o r  spacing. Assume t y p i c a l  values o f  
these parameters: L  = 20 cm (so t h a t  a  t u n i n g  element can be i n s e r t e d  
i n t o  t he  c a v i t y ) ,  wo = 10 pm, and h = 60001, then 
Fiq .  3.2.2 Imaging o f  a m i r ro r  by a lens. 
If  the mirrors vibrate or a re  misplaced by 10 pm 
This s t r ingent  requirement on the mirror spacing i s  relieved when a 
focusing element i s  inserted in the cavity. 
A resonator with an internal lens i s  shown in Figure 3.3.2. The 
beam parameters ( i . e . ,  the beam waists and t h e i r  locations) are  found 
by solving fo r  the self-consistent complex beam parameter, q (see Section 
3.2) .  Taking advantage of the imaging rules of the l a s t  section, 
straightforward round t r i p  matrix multiplication i s  avoided by replacing 
the three-element cavity by an equivalent empty two-mirror resonator [35]. 
Various cavity configurations fo r  CW dye lasers  have been analyzed [35], 
[36]. A simple and convenient resonator i s  shown in Figure 3.3.3. Here, 
the output coupling mirror i s  f l a t  and the beam spo t  s i ze  a t  the flowing 
dye i s  small ( typical ly  28-40 urn in diameter). The s t a b i l i t y  regions and 
other beam parameters a re  easi ly  found by applying the imaging rules to  
replace the lens and the f l a t  rr~irror by an equivalent mirror. Neverthe- 
l e s s ,  an al ternat ive approach i s  presented here which, although closely 
related to the imaging rules,  allows a deeper insight into the proper- 
t i e s  of th i s  type of cavity. 
F i q .  3.3.1 Two m i r r o r  resonator  f o r  a CW dye laser .  
F i g .  3 . 3 . 2  A resonator  w i t h  an i n t e r n a l  lens, 
F ig .  3.3.3 A t y p i c a l  resonator  f o r  Cw dye lasers.  This  resonator  i s  
analyzed i n  Sectlon 3.3, 
Assume f i r s t  a Gaussian beam w i t h  confocal  parameter z10 and a  
wa is t  a t  a  d i s tance  tl f rom a  l e n s  o f  f o c a l  l e n g t h  f (F igure  3.3.4). 
Rearranging (3.2.4), and r e c a l l i n g  t h a t  t he  rad ius  o f  curva ture  a t  a  
wa is t  i s  i n f i n i t e ,  we f i n d  t h a t  t he  wa is t  beyond the  l ens  w i l l  be a t  a  
d i  stance n n 
and i t s  confocal  parameter i s  
Assume t h a t  fi2 i s  kept  f ixed.  Then, t he  d is tance between the  w a i s t  of 
t he  i n c i d e n t  beam and the  l e n s  i s  g iven by 
i n  which 
and 
S i m i l a r l y ,  we so lve  (3.3.4) f o r  zlO: 
The confocal  parameter, zI0. i s  p l o t t e d  i n  F igu re  3.3.5 as a  f u n c t i o n  
o f  %, f o r  R2 = 150 cm and f = 2.5 cm. I t  i s  easy t o  show t h a t  the  
Fig .  3.3.4 A Gaussian beam focused by a t h i n  lens. 
l2 = 150 crn 
F = 2.5 cm 
F ig ,  3.3.5 The confocal parameter o f  an i n c i d e n t  Gaussian beam as a 
f u n c t i o n  o f  i t s  w a i s t  d is tance f rom a t h i n  lens (f=2.5 crn), 
f o r  an image w a i s t  d is tance o f  R2 = 150 ern. 
so that  the optimum distance of the waist from the lens i s  
which can be shown also to  sa t i s fy  
For P2 = constant, both z I 0  and el can change only w i t h i n  a certain 
range: 
A 
0 < Z I 0  5 Z l 0  (3.3.13) 
and 
We are ready now to design the resonator. To keep fi2 fixed, Rq i s  
taken f l a t .  This ensures tha t  the resonator mode will have a waist 
there. The other end mirror, with a radius o f  curvature R1, i s  s e t  a t  
a distance z from the waist a t  e l ,  so tha t  ( f r o m  (3-1.12)) 
and we define 
d l  E !kl + z 
to  be the spacing between the R1 mirror and the internal lens. 
2  2  T y p i c a l l y ,  zI0/R << 1  ( f o r  example, f o r  wo = 20 pm, 
2 2 A = 60008, and R = 5  cm, zlO/R = 1.75 x there fo re ,  z can be e i t h e r  
2  
z1 0  ( b )  z = - - - I . 0  
1  
We may. t he re fo re ,  assume t h a t  i f  we p o s i t i o n  t h e  m i r r o r  R1 a t  a  d i s t a n c e  
dl = % + R  o r  a t  d  = E,  f r om t h e  l e n s ,  t h e  m i r r o r  w i l l  n o t  a f f e c t  t h e  beam 1 1  1  
parameters, and (3 .3 .6 ) - (3 .3 .14)  w i l l  be v a l i d  i n  t h e  s h o r t  arm o f  t h e  
resonato r .  Consequently, t h e  r e s o n a t o r ' s  s t a b i l i t y  reg ions ,  one f o r  
each va lue  o f  z (3.3.17),  can be f o l ~ r i d  f r om (3.3.14).  However, pos i -  
2 
t i o n i n g  the  m i r r o r  Rl a t  a  d i s t a n c e  z / R  f r om t h e  w a i s t  i s  i m p r a c t i c a l  10 1  
because t h e r e  i s  n o t  enough space f o r  a  dye c e l l .  Ide w i l l ,  t h e r e f o r e ,  
cons ide r  o n l y  t h e  second s t a b i l i t y  r eg ion ,  i . e . ,  
The s t a b i l i t y  range i s  now r e a d i l y  found  t o  be 
I t  i s  obv ious t h a t  i n  o r d e r  t o  produce s t a b l e  o s c i l l a t i o n s  ( i n  terms o f  
A A 
o u t p u t  power) i t  i s  d e s i r a b l e  t o  ope ra te  a t  el = E l  where z,O=z,O. It i s  
p o s s i b l e  t o  show f r om (3.3.5) and (3.3.12), t h a t  a t  t h a t  va lue  o f  m i r r o r  
spac i  ng 
Th i s  equa t ion  i n d i c a t e s  t h e  symmetric r e l a t i o n  between t h e  two arms o f  t h e  
c a v i t y .  
When t h e  c a v i t y  i s  tuned t o  Q1 = el, n o t  o n l y  i s  t h e  l a s e r  power 
most s t a b l e ,  b u t  i t s  o u t p u t  beam i s  t h e  most c o l l i m a t e d  poss ib l e .  To 
see t h i s ,  ( t 2 / f )  i s  p l o t t e d  i n  F i g u r e  3.3.6 a g a i n s t  ( !L l / f )  f o r  Gaussian 
( s o l  i d  1  i n e )  and geonletr ic (dashed l i n e )  beams. The s o l i d  l i n e  i s  ca l cu -  
1 a t e d  f rom 
" 1  - -- 
1 = - =  ------ f 
f 
- blO/f) 2  
which i s  i d e n t i c a l  t o  ( 3 . 3 . 4 ) ,  w h i l e  t h e  dashed l i n e  i s  c a l c u l a t e d  f rom 
I n  t h i s  f i g u r e ,  bl = 2z 
10'  
I t  i s  we11 known t h a t  a geometr ic  beam, which 
s u f f e r s  no d i f f r a c t i o n ,  can be c o l l  i n ~ a t e d  by p l a c i n g  t h e  source a t  t h e  
f o c a l  p o i n t .  For  t h a t  beam, as seen i n  t h e  f i gu re ,  A, = f leads t o  t2 = - . 
But  a  Gaussian beam i s  d i f f r a c t e d ,  and f o r  R, = f ,  k2 i s  a l s o  equal t o  f .  
Fu r the r ,  e2 i s  always f i n i t e  r ega rd less  o f  t h e  va lue  o f  t,. I n  o t h e r  words, 
a  Gaussian beam cannot  r e a l l y  be c o l l i m a t e d .  The b e s t  " c o l l i m a t i o n "  i s  
~ ~ ~ h i e v e d  by max imiz ing  Vp. I t  can be seen f r om F i g u r e  3.3.6 t h a t  t h i s  
i s  done by p o s i t i o n i n g  t h e  w a i s t  o f  t h e  i n c i d e n t  beam a t  
e,/f = 1 + b1 /2 f  = 1  + z / f  o r  el = f + zlO. wh ich  i s  e x a c t l y  t h e  r e l a -  
10 
t i o n  between il and g i ven  i n  (3.3.12).  I t  i s  a l s o  e v i d e n t  f rom t h e  
2  f i g u r e  t h a t  ( P ~ ) ~ ~ ~  = f + f /2 i10,  which f rom (3.3.20),  i d e n t i f i e s  aga in  
- A 
% - ('2)max when Ql = el. Thus, when t h e  c a v i t y  i s  ad jus ted  t o  i t s  
most s t a b l e  ope ra t i on ,  i t s  o u t p u t  beam i s  t h e  most " c o l l i m a t e d "  poss ib l e .  
I t s  d iameter  D a t  t h e  e x i t ,  i . e . ,  immed ia te ly  beyond t h e  f l a t  o u t p u t  
coup1 i n g  m i r r o r ,  i s  e a s i l y  found f r om (3.3.20) t o  be 
F i g .  3.3.6 The irnaqe waist-lens spacing (12) as a function of the 
object waist-lens sapcinp ( R X ) ,  f o r  Gaussian beams (so l id  
l ine)  and aeomtr ic  rays (dashed l ine ) .  b1=2zl~=2nw:0/~,  
where 2wlo i s  the object waist diameter, 
To conclude, f o r  s t a b l e  opera t ion  o f  a resonator  w i t h  an i n t e r n a l  
t h i n  lens,  t he  fo l l ow ing  simple r e l a t i o n s  hold:  For g iven L2 and f, the  
confocal parameters a r e  
L 
and 
The optimum spacing between the  lens  and the  curved m i r r o r  i s  
where &-, , which i s  g iven by 
i s  the  optimum d i s tance  between the wa is t  i n  t he  focus ing  arm and the  lens .  
F i n a l l y ,  t h e  s t a b i l i t y  range i s  
3.4 A s t i g m a t i c a l l y  Compensated Three-Mir ror  Cav i t y  
When t h e  dye c e l l  i s  i n s e r t e d  i n  t h e  s h o r t  arm o f  t h e  three-element 
c a v i t y  descr ibed i n  the  prev ious sec t ion ,  i t  i s  u s u a l l y  t i l t e d  a t  a 
Brewster angle so as t o  minimize r e f l e c t i o n  losses. It can be shown t h a t  
when a Gaussian beam passes through a Brewster window, the  window a f f e c t s  
the  rays  i n  t h e  plane p a r a l l e l  t o  t he  a x i s  o f  r o t a t i o n  ( c a l l e d  here the  
x-plane),  and the  rays i n  t he  plane perpend icu la r  t o  i t  ( t h e  y-plane) d i f -  
f e r e n t l y  ([35] and references t h e r e i n ) .  I n  t he  r a y  m a t r i x  formal  ism, t h i s  
can be expressed by two d i f f e r e n t  e f f e c t i v e  d is tances,  tx and t which 
Y  
the  rays,  o r  t h e  Gaussian beam, have t o  t raverse .  
The e f f e c t i v e  d is tances a re  
and 
where t i s  t h e  window th ickness and n  i s  i t s  index o f  r e f r a c t i o n .  
This  d i f f e r e n c e  between the  paths imparts  as t i gma t i c  d i s t o r t i o n  
t o  the  beam. It a l s o  means t h a t  the e f f e c t i v e  l e n g t h  o f  t h e  c a v i t y  i s  
n o t  the  same i n  t h e  x-  and y-planes. Consequently, t he  s t a b i l i t y  r e -  
g ions i n  t h e  two planes might  n o t  f u l l y  over lap ,  so t h a t  t h e  s t a b i l i t y  
reg ion  o f  t h e  r e a l  c a v i t y  narrows down or ,  i n  the  case o f  no over lap,  
does n o t  e x i s t  a t  a l l .  
I t was shown by Kogelnik e t  a l .  [35] t h a t  maximum over lap  of the  
x- and y - s t a b i l i t y  reg ions  can be achieved by r e p l a c i n g  t h e  i n t e r n a l  
l ens  by a  m i r r o r  t i l t e d  i n  an app rop r ia te  angle. Such a  c a v i t y  i s  
shown i n  F igu re  3.4.1. 
R e f e r r i n g  t o  the  n o t a t i o n  i n  F igure  3.4-1, t he  e f f e c t i v e  foca l  
lengths  o f  t h e  m i r r o r  i n  t he  x- and y-planes a r e  [35] 
fy = f cos 6 (3.4.4) 
where f = Rf/2 and Rf i s  t h e  rad ius  o f  curva ture  o f  the f o l d i n g  m i r r o r .  
Optimal ove r lap  o f  t he  s t a b i l i t y  regions i n  the  two planes can be 
F i g .  3.4.1 A fo lded  three m i r ro r  cav i ty .  
achieved by r e q u i r i n g  
where dlx and d a r e  the  optimum e f f e c t i v e  l eng ths  o f  t he  s h o r t  arm i n  
1Y 
the  respec t i ve  planes, shown i n  t h e  prev ious s e c t i o n  t o  be g iven by 
f o r  one s t a b i l i t y  reg ion  o f  each plane, o r  by 
- 
dlx,y - fx,y + ; ~ O , X , Y  
f o r  t he  o the r .  For bo th  reg ions  (3.4.5) becomes 
A 
( f x  - fy) + - zlOgy) = tx - ty (3.4.8) 
A 
For smal l  f o l d i n g  angles and e2 >> f, = z 
1Q,Y' 
Therefore, (3.4.8) 
can be approximated t o  be 
( f x - f )  = t - t  (3.4.9) 
Y x Y 
which, f rom (3.4.1) - (3.4-49, becomes 
2Nt = Rf s i n  0 t an  0 
where 
A r e s u l t  o f  t h e  prev ious d iscuss ion  i s  t h a t  bo th  s t a b i l i t y  regions,  
s p e c i f i e d  by (3.4.6) and (3.4.71, a r e  a s t i g m a t i c a l l y  compensated by a 
s i n g l e  angle 0. Note t h a t  a l though t h e  s t a b i l i t y  regions over lap,  there  
are s t i l l  some astigmatic differences tha t  remain a f t e r  compensation, 
such as the location of the waists [35]. 
Instead of a Lilted mirror, the astigmatism can be compensated by 
a suitably ta i lored astigmatic lens. However, a mirror has an advantage 
over a lens, in tha t  the lens adds ref lect ion losses to  the cavity. 
3.5 S tab i l i t y  and Beam Parameters - of the Resonator of the - Passively 
Mode Locked CW Dye Laser with a Dumper 
The cavity of the passively mode locked CW dye laser  with a dumper, 
shown in Figure 2.7.1, i s  investigated here. The discussion will be 
confined to  the dimensions, the radi i  of curvature o f  the mirrors, and 
the folding angles of the actual cavity used in our laser .  After the 
i n i t i a l  alignment o f  the laser ,  the procedure for  which will be described 
in Section 5.1, the laser  i s  tuned to  optimal operation by f ine  adjust-  
ments of the mirrors' positions and angular or ientat ion.  Accordingly, 
we will study here the cavity properties as functions of the length of 
only one of the arms, chosen to  be the gain arm, while keeping a l l  other 
cavity dimensions fixed. 
Assume f i r s t  the empty l inear  cavity of Figure 3.5.1, with the 
following mirror spacings: dd = 20 cm, d = 40 cm, d = 85 cm, and 
dg 9 
da = 7.5 cm ( for  notations please re fer  t o  Figure 3.5.1). As in Section 
3.2, a necessary condition for  the cavity stabi 1 i  ty  i s  1 < 1 , where 
A and 5 a re  the diagonal elements of the ray matrix of a cavity round 
t r i p .  Therefore, we f i r s t  plot lAiD1 -- as a function of the length of 
the gain arm, . This i s  shown in Figure 3.5.2. The heavy l ines  indi- 
g 







Fig,  3.5.1 A l i n e a r  c a v i t y  f o r  pass ive ly  mode locked dye lase rs  w i t h  
a  dumper. Dimensions used i n  t h i s  sec t i on  computations 
are: dd = 20 cm, ddg = 40 cm. dq, = 85 cm. d, = 7.5 cm. 
and d i s  va r iab le ,  
cl 

( I t  should be noted t h a t  t h e  a p p l i c a t i o n  o f  t he  imaging r u l e s  quoted 
i n  Sect ion 3.2 i n  con junc t ion  w i t h  the  example g iven the re  f o r  a  two- 
m i r r o r  c a v i t y  s i m p l i f i e s  t h e  c a l c u l a t i o n  o f  t he  s t a b i l i t y  ranges s i g n i f i -  
can t l y ,  compared t o  the  s t r a i g h t f o r w a r d  round t r i p  m u l t i p l i c a t i o n s  o f  t he  
ABCD ma t r i ces . )  The confocal parameters i n  the  th ree  arms a r e  p l o t t e d  i n  
F igure 3.5.3. The reg ion  near the  boundary o f  t h e  s t a b i l i t y  range of 
F igure  3 . 5 . 3 ~  ( t h e  absorber arm) i s  shown i n  expanded sca le  i n  F igure  
3.5.3d. The behavior o f  t he  confocal  parameter a t  t he  absorber arm em- 
phasizes t h e  h i g h  s e n s i t i v i t y  o f  t h e  l a s e r  opt imal  ope ra t i on  t o  c o r r e c t  
m i r r o r  spacings. Th is  has been observed i n  t h e  al ignment o f  our  l ase r .  
The opt imal  l e n g t h  o f  t h e  ga in  arm i s  seen t o  be d = 10.180 cm 
4 
i n  the  f i r s t  s t a b i l i t y  reg ion  and d  = 11.81 cm i n  the  second. Small 
9 
dev ia t ions  f rom these spacings (s +50 pm), f o r  ins tance due t o  small 
v i b r a t i o n s  o f  t h e  m i r ro rs ,  w i l l  n o t  cause s i g n i f i c a n t  f l u c t u a t i o n s  i n  
the  beam spot  s ize.  
The beam parameters i n  each arm, i .e.,  t h e  confocal  parameter and 
t h e  wa is t  rad ius  ( a t  h = 61508) and i t s  l o c a t i o n ,  a t  t h e  opt imal  l eng th  
o f  t he  ga in  arm, a re  l i s t e d  i n  Table I f o r  t h e  two s t a b i l i t y  regions ( t h e  
no ta t i ons  a r e  as i n  F igure 3.5.1 ).  The spot  s i z e  a t  t he  absorber arm 
i s  smal ler  than t h a t  o f  t he  ga in  arm, as requ i red  f o r  proper mode l o c k i n g  
(see Sect ion 2.1). Note, however, t h a t  a11 t h e  w a i s t  r a d i i  a re  ca l cu la ted  
i n  f r e e  a i r ,  n o t  i n  t h e  dye j e t s  o r  t h e  dumper, s ince we assumed 
dp [cm) 
Fig.  3.5.3 The cti l l focal parameters i n  the three ams o f  the  l i n e a r  
c a v i t y  o f  Fig.  3.5.1, The i n s e t  i n  the  absorber arm i s  a 
blow-up o f  the  sharp peak o f  z o  a t  t h i s  arm, 
Beam parameters fo r  each arm of the  empty l i nea r  cavi ty  of Figure 3.5.1 a t  
the  optimal length of the gain arm. Mirror spacing i s  t he  same a s  i n  
Figure 3.5.1. 
ARM L1 (cm) L2 (cm) 
First s t a b i l i t y  range: 10.00 < d < 10.33 cm 
g 
Dumper 9.96 10.04 0.659 35.9 
Gain 5.02 5.16 0.164 17.9 
Absorber 2.50 5.00 0.082 12.7 
Second s t a b i l i t y  range: 19.67 c d < 11.99 crn 
9 
Dumper 0.22 7 9.78 1 -458 53.4 
Gain 6.65 5.16 0.164 17.9 
Absorber 2.5 5,OO 0.082 12.7 
an empty resonator.  I t  i s  a l so  c l e a r  t h a t  i t  is  impractical t o  operate 
the  l a se r  i n  the  second s t a b i l i t y  range, s ince  the  beam waist i n  the  
dumper arm i s  located very c lose  t o  the  end mirror. As a r e s u l t ,  not 
only would there  not be enough space t o  i n se r t  the  dumper, but a l so ,  the 
primary d i f f rac ted  beam would not be su f f i c i en t l y  separated from the 
undiffracted beam a t  the  end mirror so a s  t o  be e f f i c i e n t l y  extracted 
from the  cavi ty .  Nevertheless, f o r  the  completeness of the  discussion,  
both s t a b i l i t y  ranges will  be considered here. 
Let us now include the dumper and the two dye j e t s  in the cavity,  
a l l  a t  t he i r  respective Brewster angles. Following the discussion of 
Section 3.4, we consider 'para1 le l  " and "perpendicular" cavi t ies .  Con- 
sidering the same cavity dimensions used above fo r  the empty l inear  
cavity,  we replace each Brewster window by i t s  e f fec t ive  optical path, 
given by (3.4.1) and (3,4.2).  The "paral le l"  and "perpendicular" empty 
cavi t ies  a re  treated similarly to  the empty l inear  cavity. To point out 
the astigmatic e f fec t  of the Brewster windows on the s t a b i l i t y  region of 
the laser ,  the confocal parameter in the absorber arm of the parallel  
cavity i s  plotted in Figure 3.5.4, sharing a common axis with that  of the 
perpendicular cavity.  The beam parameters in the empty parallel  and 
perpendicular effect ive cavi t ies ,  a t  &he gain arm op t iml  length of the 
f i r s t  s t a b i l i t y  region, a re  l i s t ed  in Table IT. 
The e f fec t  of the astigmatism on the beam parameters i s  evident 
from the table.  I t s  e f fec t  on the effect ive range over which s table  
operation of the laser  i s  achievable, i s  dramatized by the peculiar be- 
havior of the confocal parameter in the absorber arm. Clezrly the effec- 
t i ve  s t a b i l i t y  range i s  narrowed signif icant ly,  compared t o  tha t  of the 
empty l inear  cavity. 
To increase the s t a b i l i t y  range of the cavity,  we resort  to  the 
method of astigmatism compensation by t i l t e d  mirrors, described in Sec- 
tion 3.4. The astigmatism in each arm i s  compensated separately, inde- 
pendent of the others. Equation (3.4.90) can be used for  the two end 
arms, b u t  i t  must be modified for  the gain arm, because unlike the 
others,  i t  includes two folded mirrors, which add up  t he i r  astigmatic 
e f fec ts .  
Fig,  3.5.4 The confocal parameter i n  the absoPser arm as a func t i on  
o f  t he  gain arm spacing i n  (a )  the para1 lel and (b)  the  
perperrdleular l i n e a r  c a v i t i e s  o f  Fia ,  3,5,1 w i t h  Brewster 
w i  rrdsws. 
TABLE I1  
Beam parameters f o r  each arm a t  t h e  opt imal  l e n g t h  o f  t he  g a i n  arm f o r  
t h e  l i n e a r  c a v i t y  w i t h  the  Brewster elements i n s e r t e d  i n  i t .  The m i r r o r  
spacings a r e  the  e f f e c t i v e  o p t i c a l  paths (see t e x t )  o f  t h e  r e a l  spacing 
o f  F igu re  3.5.1. Waist diameter i s  i n  f r e e  a i r .  Both planes a r e  c a l -  
c u l a t e d  i n  t h e i r  f i r s t  s t a b i l  i ty range (par  = para1 l e l  plane, per  = perpen- 
d i c u l  a r  p lane)  . 
wo ( i im) 
ARM Plane L1 (cm) L2 (cm) z o (cm> @ 61508 
Pa r 9.96 9.96 0.668 36.2 
Dumper 
Per 9.95 9.75 0.685 36.6 
Par 5.04 5.17 0.160 17.7 
Gain 
Per 5.08 5.18 0,148 17.03 
Par 2.50 5,00 0.084 12.8 
Absorber 
Per 2.49 5.00 0.091 93.35 
To investigate the astigmatic compensation in the gain arm, the 
equivalent cavi t ies  a re  drawn in Figure 3.5.5. We s e t  the dumper and 
the absorber arms such that  t he i r  spacing i s  equal to  the sum of the 
respective end-mirror radius of curvature and the focal length of the 
lens (or closely so, when the lens i s  replaced by a mirror t i l t e d  a t  a 
small angle).  As a resu l t  R1 >> 0,. f ,  and R2 >> D 2 ,  f ( fo r  notations 
please refer  to  Figure 3.5.5). Therefore, i t  can be seen from (3.2.12) 
tha t  
so that  the radi i  of curvature of the equivalent mirrors point away from 
each other, as  shown i n  the figure.  
To find the s t a b i l i t y  region, we compare the equivalent empty two- 
mirror resonator to  the similar resonat;or analyzed in Section 3.2. 
Accordingly, we identify the following regions of s t a b i l i t y :  
o r ,  using (3.2.13) and (3.5,2), 
3 
Let us now replace the gain arm lenses by mirrors, both s e t  a t  the same 
angle; then the effect ive spacings in the x- and y-planes a re  
F i g .  3.5.5 The equivalent two mirror rasonator o f  the l inear  c a v i t y  
o f  Fig. 3.5.1. 
Fol lowing the  d iscuss ion  i n  Sect ion  3.4, we f i n d  t h a t  i n  o rder  t o  com- 
pensate the  ast igmat ism we r e q u i r e  i n  t he  f i r s t  s t a b i l i t y  r e g i o n  
w h i l e  i n  t h e  second 
It i s  thus obvious t h a t  t he  ast igmat ism i n  the  two reg ions  of s t a b i l i t y  
cannot be compensated by the  same f o l d i n q  angle 0 o f  t he  ga in  arm m i r -  
g  
r o r s .  Also f o r  t y p i c a l  dimensions o f  c a v i t i e s ,  Dl i s  n o t  very  l a r g e  o r  
small compared w i t h  f x a n d  f so t h a t  t h e  s o l u t i o n  o f  (3.5.7) f o r  the  
Y "  
f o l d i n g  angle i s  csmpl icated, On the  o t h e r  hand, (3.5.6) i s  e a s i l y  
so lved i n  a  manner s i m i l a r  t o  t h a t  o f  Sec t ion  3.4, i .e . ,  
N t  = Rf s i n  B tan  0 (3.5.8) 
where N, t, Rf ,  and 0 a r e  de f ined i n  Sect ion  3.4. 
Apply ing  equat ions (3.4.101, (3.4.11), and (3.5.8) t o  t he  folded 
c a v i t y  o f  F igu re  2.7.1, us ing  f o r  the  dumper t = 0,48 cm and n = 1.46 
and f o r  the  dye j e t s  t = 0.015 cm and n = 1.43, we f i n d  
Od = 0.15 r a d  = 8'36' 
8 = 6 = 0.026 r a d  = 1°29' 
g l  g2 
'a = 0.051 r a d  = 2O55' (3.5.9) 
The confocal  parameter i n  t he  ga in  arm o f  t h e  p a r a l l e l  and perpend icu la r  
empty c a v i t i e s  (no Brewster elements), f o lded  a t  these angles, i s  shown 
i n  F igures 3,5.6 as a func t i on  05 t h e  l e n g t h  o f  t h a t  arm. Note t h a t  t he  
r e l a t i v e  displacement o f  t he  s t a b i l i t y  ranges i s  i n  the  oppasi t e  d i r e c -  
t i o n  t o  t h a t  of the  l i n e a r  c a v i t y  which inc ludes  t h e  Brewster elements 
(F igure  3.5.4). 
F i n a l l y ,  t he  confocal  parameters i n  the  ga in  and the absorber arms i n  
the  a s t i g m a t i c a l l y  compensated c a v i t y  a r e  shownin F igu re  3.5.7as a f u n c t i o n  
o f  d Th is  c a v i t y  i s  f o lded  a t  t he  angles o f  (3.5.9) and inc ludes  the  
9 ' 
Brewster elements. As expected, o n l y  t h e  f i r s t  regions o f  s t a b i l i t y  o f  
t he  x-  and y-p lane c a v i t i e s  f u l l y  over lap.  To compensate the ast igmatism 
o f  t he  second s t a b i l i t y  req ion ,  smal ler  f o l d i n g  anqles a r e  requ i red  (as 
can d l s o  be seen by comparing equat ion (3.5.7) w i t h  (3.5.6)), which a re  
n o t  p r a c t i c a l  i n  the  c o n s t r u c t i o n  o f  a r e a l  l ase r .  
Concl us ion  
Throughout t h i s  section, t he  l e n g t h  o f  t h e  ga in  arm has been v a r i e d  
w h i l e  keeping t h e  r e s t  o f  t he  arms f i x e d  a t  a predetermined m i r r o r  spac- 
ing .  I n  p r a c t i c e ,  i t  i s  impossib le to determine t h e  m i r r o r  spacing t o  
F i g ,  3.5.6 The confocal parameter in the gain arms o f  ( a )  the parallel  
and (b)  the perpendicular empty fo lded c a v i t i e s ,  for  
dimensions as i n  Fig .  3.5.1 and Qd = 8"36', 0 = 0 =1°29', 
!Y1 g 2  
and @a - Z055'. 
ABSORBER ARM 
(a )  
F ig .  3.5.7 The confocal  parameters i n  t he  gain and absorber arms o f  
t he  a s t i g m a t i c a l l y  compensated cav i t y .  (a )  and ( c )  a re  i n  
t he  para? l e l  plane, (b) and ( d )  i n  the  perpendicu lar .  
Dimensions are  as i n  Fig.  3.5.1. 
an accuracy of  l e s s  than  1-2 m i l l i m e t e r s .  However, as w i l l  be c l e a r  
from Sec t i on  5.1, once two arms a r e  se t ,  t h e  t h i r d  one can be ad jus ted  
t o  i t s  a p p r o p r i a t e  spac ing w i t h i n  25 pm. Accord ing ly ,  t h e  c a l c u l a t i o n s  
of t h i s  s e c t i o n  can he used as a  gu ide l i n e  i n  t h e  
a l ignment  procedure o f  t h e  c a v i t y ,  b o t h  i n  t h e  i n i t i a l  a l ignment  as de- 
s c r i b e d  i n  Sec t i on  5.1, and i n  t h e  f o l l o w i n g  f i n e  t u n i n g  o f  t h e  c a v i t y .  
Chapter 4 
PULSE WIDTH MEASUREMENTS 
4.0 I n t r o d u c t i o n  
Picosecond pulses a r e  s h o r t e r  than the  temporal r e s o l u t i o n  l i m i t  
of any combinat ion o f  a  photodetector  and osc i l l oscope .  Sampling o s c i l -  
loscopes, which r e q u i r e  a  cont inuous t r a i n  o f  pulses, a r e  l i m i t e d  t o  r i s e  
t imes o f  % 25 psec o r  longer ,  and t h e  f a s t e s t  photodetectors a v a i l a b l e  
today are  l i m i t e d  t o  r i s e  t imes o f  30-50 psec. 
Special  techniques have been developed t o  measure the  temporal 
behavior o f  subpicosecond pulses,  A  rev iew o f  these techniques can be 
found i n  references 1381 and [39]. The o n l y  d i r e c t  1  i n e a r  method capable 
of supply ing i n fo rma t ion  regard ing  the  pu lse  i n t e n s i t y  p r o f i l e  i s  the  
s t reak  camera 1381. However, i t  i s  very  expensive ( >  $50,000) and f o r  
experiments i n  which the  requ i red  r e s o l u t i o n  t ime i s  longer  than several  
t imes the  est imated pu lse  width,  i t  can be g iven up i n  f a v o r  o f  l ess  ex- 
pensive techniques. The most common o f  these i n v o l v e  non l i nea r  e f f e c t s ,  
such as two-photon absorp t ion  (TPA) and second harmonic generat ion (SHG) . 
They g i ve  good est imates o f  t he  pulse width,  b u t  a r e  i n s e n s i t i v e  t o  pulse 
asymmetry. More complete i n fo rma t ion  i s  obta ined by h ighe r  orders o f  
nonl i n e a r  measurements [39]. The SHG technique, which has been used t o  
measure the  w i d t h  o f  pulses generated i n  our  experiment i s  t he  sub jec t  
o f  Sect ions 4.1 and 4.2, 
Although a  SHG measurement i s  used t o  determine the  pulse dura- 
t i o n ,  i t  cannot be e a s i l y  used as a  r e a l  t ime moni to r  o f  t h e  l a s e r ' s  
opera t iona l  s t a t e .  Instead, a  r e a l  t ime  rrieasurement o f  t h e  l a s e r  band 
wid th  i s  performed. Such a measurement cannot determine t h e  pu lse  
width,  unless the  pu lse  i s  t rans form l i m i t e d .  However, i t  has been 
found very h e l p f u l  i n  t he  process o f  system al ignment  and i n  mon i to r ing  
the  l a s e r ' s  ope ra t i ona l  s t a b i l i t y .  The r e a l  t ime bandwidth measurement 
i s  descr ibed i n  Sect ion  4.3. 
4.1 Pulse Width Measurement by Second Harmonic Generat ion 
Nonl inear  techniques can i n d i c a t e  the  ope ra t i ona l  s t a t e  o f  t he  
l ase r ,  and i f  mode locked, can g i v e  an est imate o f  i t s  pu lse  w id th .  I t  
was suggested and demonstrated f i r s t  by Weber [40] and independent ly  by 
Armstrong 1411, t h a t  t he  w i d t h  o f  picosecond pulses cou ld  be determined 
from second harmonic generat ion (SHG) measurements. I n  t h i s  sec t ion ,  
the  p r i n c i p l e s  o f  t he  SHG technique w i l l  be developed. I n  the  nex t  sec- 
t i o n  the  experimental  set-up i s  described, and the  requirements o f  bo th  
the  non l i nea r  c r y s t a l  and the  o p t i c a l  beam f o r  maximum SHG e f f i c i e n c y  
w i l l  be discussed. 
Consider t r a v e l i n g  plane waves o f  t he  form 
-+ -+ 1 + i (ot  - kwh) 
Eu(r , t )  = 2. CE$) e 3- c.c. ]  
then, the  second harmonic induced p o l a r i z a t i o n  i s  g i ven  by 
" -+ 
NL - E E e  i A k - r  '2u,a - daBy w,B w,y 
where a, 6, and y represent  t h e  d i r e c t i o n s  o f  p o l a r i z a t i o n  o f  t he  f i e l d s ,  
da By 
i s  a tensor  which depends on t h e  p rope r t i es  o f  t h e  c r y s t a l ,  and 
+ 
i s  the  phase mismatch. For optimum SHG, Ak must vanish. The cond i t i ons  
under which t h i s  phase matching i s  s a t i s f i e d  w i l l  be discussed i n  the  
-+ 
nex t  sec t ion .  bJe w i l l  assume here t h a t  Ak = 0. The SNG power can be 
NL 
shown t o  be p r o p o r t i o n a l  t o  lPZw 1 2 ,  i .e., 
,a 
where, f o r  t he  purpose o f  t h i s  d iscussion,  K i s  a constant .  
L e t  us r e f e r  now t o  t h e  SHG set-up o f  F igure  4.2.1 . Each pu lse  
i s  s p l i t  i n t o  two i d e n t i c a l  halves which f o l l o w  d i f f e r e n t  paths be fore  
impinging upon the  non l i nea r  c r y s t a l .  A l i m e  de lay  between these pulses 
i s  es tab l i shed  by changing the  o p t i c a l  pa th  l e n g t h  s f  one o f  them. 
Two types o f  SHG a r e  de f ined according t o  the  p o l a r i z a t i o n  o f  t he  
two fundamental waves. I n  t h e  f i r s t  type, bo th  p o l a r i z a t i o n s  a r e  the  
same, w h i l e  i n  t he  second they a r e  perpend icu la r  t o  each o ther .  The two 
types g i ve  somewhat d i f f e r e n t  r e s u l t s  i n  SHG measurements. 
SWG o f  t h e  F i r s t  Type 
Assume f i r s t  t h a t  t h e  two fundamental waves propagate c o l i n e a r l y  
then the  t o t a l  e l e c t r i c  f i e l d  a t  the  c r y s t a l  i s  
where E ( t )  i s  t he  f i e l d  envelope o f  t h e  quasi-monochromatic pulse, and T 
i s  the  de lay  t ime  between the  two pulses. Then t h e  SH power i s  
2 2 2  2 2 2 
P2w,a = K d aBP / E  w.6 I = K .'aBB{[I (t) + I (t+.r) c 4 I ( t )  I ( t + r )  
+ 2 1 ( t )  I ( ~ + T )  cos 2w-r + 4 [ I ( t )  1- I ( t+ -c ) ]  E ( t )  E ( ~ + T )  cos w ~ }  
(4.1.6) 
2 
where I ( t )  z / E ( t )  ( . The SH power i s  detected by a photodetector  w i t h  
a r e s o l u t i o n  t ime which i s  much l onger  than the  pu lse  d u r a t i o n  (several  
nanoseconds compared t o  picoseconds). The photocur ren t  i s ,  there fore ,  
rn 
propor t i ona l  t o  J '2w,a ( t )  d t ,  o r  t o  t he  average o f  P2h),U(t), which we 0 
w i l l  denote by <P2,,a(t)>t. Thus, a t  a pu lse  de lay  t ime T, the  photocur- 
r e n t  i ( r )  i s  found from (4.1.,6) t o  be p ropo r t i ona l  t o  
i ( ~ )  a <P2w,a (t)>, a g1 ( T )  1 + Z G ( ~ ) ( T )  + C ( T )  (4.1.7) 
where G ( ~ ) ( T )  i s  t he  a u t o c o r r e l a t i o n  f u n c t i o n  o f  the  pu lse  i n t e n s i t y ,  
def i ned by 
L 
and 
I t  + I t  E ( t ) E ( t + d >  cos wT C ( T )  = ~ ( " ( 1 )  cos 2wr + 2 --- 
d 2 ( t ) ,  (4.1.9) 
A t  r = 0, g , ( O )  '8, w h i l e  a t  T = g l ( ~ )  = 1. However, i f  the  delay 
va r ies  a t  a r a t e  h ighe r  than X/RC, where h i s  the  o p t i c a l  wavelength and 
RC i s  t he  t ime constant  o f  t he  reco rd ing  system, C(T) averages ou t  t o  
zero and 
g , ( ~ )  = 1 + ~ G ' ' ) ( T )  
so t h a t  near r = 0, g1 ( T  = 0)  = 3. 
SHG o f  t he  Second Type 
Since the  fundamental f i e l d s  must be orthogonal f o r  second harmonic 
generat ion, the SH power i s  g iven s imp ly  by 
so that 
so that  g2( (&)  = 0 and g2(0)  = 1 .  The functions g l ( r )  and g 2 ( 7 )  a re  shown 
in Figure 4.1.1 fo r  three modes of operation of the laser :  f ree  running, 
noise burst ,  and single pulse. A pulse which resu l t s  from an incomplete 
mode locking can be considered a noise burst ,  and i t s  coherence i s  deter- 
mined from the width of the spike a t  T = 0 of the corresponding SH t race.  
The behavior difference htween these three cases of g l  ( r )  and g 2 ( r )  serves 
as an indication of the operational s t a t e  of the laser .  
I f  the shape of the pulse intensi ty  i s  known, then by substi tuting 
i t s  mathematical expression in (4.1 . a ) ,  the relation between the widths 
of ~ " ' ( 1 )  and of the pulse can be found. For example, for  a Gaussian 
Ar/At = n, where AT and A t  are  the fu l l  widths a t  half maximum of 
P P 
~ ( ' ' ( 7 )  and I ( t ) ,  respectively. Similarly, for  a secant hyperbol i c  pulse, 
I t  i s  preferred that  the SHG measurement i s  performed with fundamen- 
ta l  Gaussian beams, because the interpretation of the resu l t s  i s  based on 
the assumption that  the overlap of the two pulses depends only on the 
relat ive delay between them. If higher transverse modes a re  used, trans- 
verse misalignment of the beams will a f fec t  the SHG, even i f  the incident 
beams are  colinear,  so tha t  the corresponding photocurrent will not be 
represented by G ( ' ) ( T )  1421. 
Notice tha t  G ( " ( T )  i s  symmetric in r .  As a r e su l t ,  the SHG i s  
insensit ive to  the pulse asymmetry, and might give erroneous resul ts  i f  
FREE RUNNING NOISE BURST SINGLE PULSE - 
U) 
F iq.  4.1 . I  Autocorrelation traces of eolinear SHG o f  the f i r s t  
type ( 1  + 2~(~)(1)) and o f  the second type (~("(1)). 
Noncolinear SHG o f  the f f  r s t  type also resul ts  i n  
measurinq ~ ' ~ ' ( r ) .  
t he  exact  pu lse  shape i s  no t  known. However, as long as the  reso lu-  
t i o n  requ i red  by the  experiment i n  which the  picosecond pulses a re  
employed i s  several  t imes the  est imated pulse dura t ion ,  t h i s  technique 
i s  s a t i s f a c t o r y .  
4.2 The SHG Set-Up 
The SHG set-up used by us i s  shown i n  F igure  4.2.1. ( I t  i s  iden- 
t i c a l  t o  the  one used by Ippen and Shank 131. ) It can be d i v i d e d  i n t o  
th ree stages: The in ter fe rometer ,  t he  second harmonic generator,  and 
the  de tec t i on  system. The f i r s t  stage i s  s t ra igh t fo rward  and o n l y  some 
o f  i t s  t echn ica l  d e t a i l s  w i l l  be given. The design o f  t h e  second stage 
invo lves  many general p roper t i es  o f  SHG and w i l l  be discussed i n  d e t a i l .  
I n  the  t h i r d  stage, o n l y  the  averaging process needs some exp lanat ion  
and ana lys is ,  which w i l l  be presented, 
( i  ) The Inter ferometer  
The in te r fe romete r  i s  designed so t h a t  t h e  beam i s  n o t  r e f l e c t e d  
back t o  the  l ase r .  I t s  movable arm i s  d r i v e n  by a  stepping motor w i t h  
a  r e s o l u t i o n  i n  o p t i c a l  delay o f  2.12 x 1 0 - ~ ~ s e c / s t e ~ .  
( i i )  The SHG Stage 
This stage cons is t s  o f  a  KDP (KH2P04) c r y s t a l  and a  focusing lens. 
The KDP has n a t u r a l  b i re f r i ngence ,  which a l lows phase matching. The 
phase matching c o n d i t i o n  
f o r  h = 61001 i n  KDP can be s a t i s f i e d  o n l y  i f  the  two fundamental waves 
a re  o rd ina ry  and the  secofid harmonic wave i s  ex t raord inary .  I f  the 
angle between t h e  fundamental beams i s  2$, then equation (4.2.1) can be 

shown t o  be equ iva len t  t o  
where em i s  t he  angle between the  o p t i c a l  a x i s  o f  t h e  c r y s t a l  and the  
d i r e c t i o n  o f  propagat ion o f  t h e  second harmonic beam, n?(em) i s  t he  
e x t r a ~ r d i n a r y  index o f  r e f r a c t i o n  i n  t h i s  d i r e c t i o n  a t  angu lar  frequency 
20, and n: i s  t h e  o r d i n a r y  index o f  r e f r a c t i o n  a t  w. 
From t h e  b i r e f r i n g e n t  p r o p e r t i e s  o f  KDP [zge], i t  can be shown t h a t  
2  (no cos B ) - ~  - (n:w9-2 s i n  Om = 2w -2 
(nEw)-2 - (no 
2  Since s i n  em 5 1, f3 i s  conf ined t o  
n  2w -1 e  P < cos - 
n: 
I n  KDP, a t  h = 61008, ngw = 1.496752, nEw = 1.543934, and n: = 1.50881 8  
so t h a t  p < 7O15'. The c r y s t a l  i n  t h e  set-up i s  cu t  f o r  normal i n c i -  
dence a t  8, = 60'28'. Therefore, from (4 .2 .3 ) ,  the angle between each 
o f  the fundamental beams and t h e  normal t o  the c r y s t a l  p lane i s  P = 2O5'. 
Not ice  t h a t  when B > 0, t he  SH photocur ren t  i s  p ropo r t i ona l  t o  
G ( ~ ) ( I - )  and n o t  t o  1 + 2 ~ ( ~ ) ( r ) ,  as i t  i s  f o r  SWG o f  t h e  f i r s t  type w i t h  
c o l  i nea r  beams (see the  prev ious s e c t i o n ) .  Th is  method improves the  
r e s o l u t i o n  a t  the t a i l s  o f  G ( ~ ) ( I - ) *  It a l s o  makes i t  e a s i e r  t o  b lock  the 
fundanlental beams f rom g e t t i n g  i n t o  the photodetector ,  thus improving 
the s igna l - t o -no i se  r a t i o .  
There i s  one more degree o f  freedom t o  be determined: The azimu- 
t h a l  angle, @ , o f  the  po la i - i za t i on  o f  the fundamental beams w i t h  respec t  
t o  t he  c r y s t a l l o g r a p h i c  ax i s .  I t  i s  chosen so as t o  maximize the  second 
o rde r  n o n l i n e a r  c o e f f i c i e n t  d, which f o r  SHG o f  t he  f i r s t  t ype  under 
phase matching cond i t i ons  i s  found (by coord ina te  t rans fo rma t i on )  t o  be 
d = dI4 s i n  20 s i n  8, (4.2.5) 
where d14 i s  an element o f  the second o rde r  n o n l i n e a r  s u s c e p t i b i l i t y  
tensor.  Consequently, 0 = 45O and d = 0.87 d14 (d14 = 4.4 ~ 1 0 ' ~ ~  i n  MKS 
u n i t s  [29 f ] ) .  
Now t h a t  the  o r i e n t a t i o n  o f  the  c r y s t a l  i s  determined, t he  ques- 
t i o n  o f  i t s  th ickness  i s  addressed. The th ickness  i s  chosen so  t h a t  the 
o p t i c a l  path i s  s h o r t e r  than the  e f f e c t i v e  coherence l e n g t h  due t o  phase 
mismatch. 
2w ak  = - [n (2w)  - no((o) cos 6 1  
C e98, (4.2.6) 
Taking 
and us ing  the index  e l l i p s o i d  formula f o r  KDP [29e] and the  express ion 
f o r  ne(T) and no(;) g iven  by  Zern ike [431, the coherence l e n g t h  i s  found 
t o  be 
- -   2rr z 1 cm 
'c ~k (4.2.8) 
f o r  h =61008, 8, = 60°28', and 6 = 2'5'. Accord ingly ,  t h e  th ickness o f  
the KDP c r y s t a l  was chosen t o  be 1 mm. 
The Focusing Lens 
I n  a  t h i n  c r y s t a l  and w i t h  an unfocused beam, the e f f i c i e n c y  of 
2 SHG i s  propor t i ona l  t o  Q /A, where Q i s  t h e  o p t i c a l  path length  i n  the 
c r y s t a l  and A i s  the cross sec t i ona l  area o f  t he  beam. I t  i s ,  therefore,  
tempting t o  focus the  beam and t o  use a  t h i c k  c r y s t a l  i n  o rder  t o  i n -  
crease the second harmonic power. However, several  f a c t o r s  l i m i t  the  
SHG e f f i c i e n c y .  F i r s t ,  the  sma l l e r  the  s p o t  s i ze ,  the s t ronger  the 
d i f f r a c t i o n  o f  the beam. Then, n o t  on ly  does the  c ross-sec t iona l  area 
increase r a p i d l y  away from the  wa is t ,  b u t  a l so  a  phase mismatch i s  
b u i l t  up. Second, there  i s  the double r e f r a c t i o n  fea tu re  o f  the b i r e -  
f r i n g e r i t  ma te r i a l  i n  which the SH wave propagates i n  a  d i f f e r e n t  d i r e c -  
t i o n  than the fundamental. The r e f r a c t i o n  angle can be shown t o  be 
g i  ven by 
2 
no(.) 
s i n  Zen, [ 1  tan  p = ---- 2 - 2 ' 1 n,(Zw) no(2w) 
For  a  KDP c r y s t a l  and h = 6100!, the  r e f r a c t i o n  angle i s  p = 1°31' = 
0.026 rad. As a r e s u l t ,  the e f f e c t i v e  i n t e r a c t i o n  length  between t h e  
fundamental beams and the  St-l beam i s  l i m i t e d .  Boyd e t  a1 . [44] showed 
t h a t  the e f f e c t i v e  coherence l eng th  associated w i t h  d i f f r a c t i o n  i s  
a c t u a l l y  i d e n t i c a l  w i t h  t h a t  which i s  associated w i t h  double r e f r a c t i o n .  
Boyd and Kleinman 145) ca l cu la ted  the optimum SH power as a f unc t i on  of 
R ,zo ( t h e  confocal  parameter o f  t he  beam), p ,  A ,  and n. Using t h e i r  
r e s u l t s ,  we f i n d  t h a t  f o r  2 = 1  mm, n  = 1.5, and X = 61008, the optimum 
confocal  parameter i s  
i .e., w a i s t  diameter o f  2wo = 14 pm. Accordingly,  by  emplo.ying Gaussian 
beam focus ing  r u l e s  (see Sect ion 3.3 o r  Ref. [37]),  a lens w i t h  a foca l  
length  o f  5 cm was chosen. 
The Detect ion System 
The de tec to r  i s  a p h o t o m u l t i p l i e r  (RCA 1P28 ) covered hy an 
u l t r a v i o l e t  f i  1 t e r  (Schot t  UG-5). Between the  f i l t e r  and the  KDP c r y s t a l  
there  i s  a s l o t  which a l lows on ly  r a d i a t i o n  a long the  b i s e c t o r  of the  
fundamental beams t o  be detected, so t h a t  t he  t r a n s m i t t e d  fundamental 
beams are  blocked. 
The s i g n a l  averager i s  N i c  1174 [46], which i s  synchronized w i t h  
the moving arm when scanning bo th  i n  the forward and backward d i r e c t i o n s .  
We w i  11 show here t h a t  t h e  averaging increases t h e  accuracy o f  the 
measured autocor re l  a t i o n  func t i on  i n  the case o f  f l u c t u a t i o n s  i n  the 
pulse i n t e n s i t y .  Assume 
Then, due t o  the de tec t i on  system i n t e g r a t i o n  t ime (see Sect ion 4,1), 
where T i s  the delay t ime between t h e  pulses, I f  we repeat measuring 
(4.2.12) N times, and then average the  r e s u l t s ,  we w i l l  ge t  
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Chapter 5 
CONTROL AND OUTPUT CHARACTERISTICS OF THE 
PASSIVELY MODE LOCKED CW DYE LASER 
5.0 I n t r o d u c t i o n  
I n  the prev ious chapters the  concepts o f  a  pass i ve l y  mode locked 
CW dye l a s e r  and o f  i t s  mon i to r ing  system have been discussed and ana- 
lyzed.  I n  the present  chapter  the c o n t r o l  o f  t h e  l ase r ,  f o r  proper  
operat ion,  w i  11 be described, A t  the conclus ion i t s  ou tpu t  cha rac te r i s -  
t i c s  w i l l  be given. 
5.1 I n i  t i  a1 A1 i gnment o f  t he  Laser 
The m u l t i m i r r o r  resonator  has been analyzed i n  Sect ion 3.5. I n  
p rac t i ce ,  i t  i s  d i f f i c u l t  t o  cons t ruc t  a c a v i t y  w i t h  exact  predetermined 
dimensions. The spacing between the  s t r o n g l y  curved m i r r o r s  ( R  = 5 and 
10 cm) cannot be e a s i l y  measured, and the  clumsiness o f  t h e  m i r r o r  
mounts, which are  designed l a r g e  i n  o rde r  t o  have h i g h  angular  reso lu t i on ,  
make the  smal l  f o l d i n g  angles unat ta inab le .  Therefore, t he  c a v i t y  i s  
constructed w i t h  dimensions as c lose  as poss ib le  t o  the  des i red  ones, and 
then i t  i s  tuned t o  optimum l a s e r  opera t ion  by t r i a l  and e r r o r .  The re -  
s u l  t s  o f  the ana lys i s  o f  Sect ion 3.5 are used as a  g u i d e l i n e  t o  the 
a1 i gnment procedure. 
I n i t i a l  al ignment i s  performed w i t h  the a i d  o f  t h e  f luorescence 
emi t ted  by the  rhodamine 6G. The p o i n t  source, formed by the focused 
argon l a s e r  beam, i s  imaged back on the j e t  a f t e r  passing through the  
c a v i t y  and be ing  r e f l e c t e d  backward by the  end m i r r o r  (see F igure  
2.7.1). By synchron iz ing  t h e  image and t h e  source on the  j e t  ( i n  prac- 
t i c e  i t  i s  done by imaging both  on a f a r  screen) a s t a b l e  c a v i t y  i s  
formed f o r  t h e  f luorescence. This al ignment places the  c a v i t y  
j u s t  a t  the  edge o f  i t s  s t a b i l i t y  range and f i n e  adjustment o f  t he  m i r -  
r o r  spacing i s  needed t o  o b t a i n  a s t a b l e  c a v i t y  f o r  l a s e r  operat ion.  
The l a s e r  i s  moni tored by th ree  separate systems: 1 )  a fas t  
photodiode w i t h  ' ~ 1 0 0  ps r i s e  t ime [31] detects t h e  c a v i t y  r a d i a t i o n  and 
d isp lays  i t  on an osc i l l oscope  (1 ns r i s e  t ime);  2 )  an o p t i c a l  mul t ichan-  
n e l  analyzer  (OMA, see Sect ion 4.3);  and 3) second harmonic generat ion 
w i t h  equal o p t i  ca l  path ( i  .e. , T = 0, see Sect ion  4.1 ). With the  OMA 
mon i to r ing  i t s  wavelength, t h e  l a s e r  i s  tuned t o  h = 61008-61508 and 
a1 igned t o  operate i n  i t s  TEOO mode a t  t h resho ld  power o f  600-800 tiid ( a t  
the argon l a s e r  l i n e  h = 51458). A t  t h a t  stage t h e  l a s e r  i s  f r e e  running; 
i t s  bandwidth i s  ~ 5 8  when operated near  threshold,  and w ide r  when 
operated much above it. Under c e r t a i n  circumstances more than one band 
o f  frequencies would o s c i l l a t e ,  as shown i n  F igure  5.4.1. 
When t h e  sa tu rab le  absorber i s  in t roduced i n t o  the cav i t y ,  and the  
pumping power i s  kept  near  threshold,  on l y  one band o f  frequencies osc i  1- 
l a t e s ,  and the  bandwidth i s  reduced t o  1.2-31. I f  the  concent ra t ion  o f  t he  
absorber i s  n o t  h igh  enough, o r  i t s  j e t  i s  n o t  p o s i t i o n e d  c o r r e c t l y ,  t h e  
l a s e r  i n t e n s i t y  i s  modulated w i t h  frequency l / T R s  where TR i s  the c a v i t y  
round t r i p  t ime  (see F igure  5.1.2). 
When the  absorber j e t  i s  b e t t e r  located, ~1 ns d e t e c t o r  l i m i t e d  
pulses are d isp layed on the  osc i l l oscope  screen, as shown i n  F igure 5.1,3. 
Fig. 5.1.3 Detector-limi ted pulses generated by the passively mode 
locked CW dye laser. 
It w i l l  be seen l a t e r  t h a t  t h i s  by i t s e l f  i s  n o t  an i n d i c a t i o n  t h a t  the 
l a s e r  i s  complete ly  mode locked. The l a s e r  j s  then a l i gned  by  f i n e  ad- 
justments u n t i l  the bandwidth, which i s  d isp layed on the OMA, i s  wide 
enough (Ah 2 l o t ) ,  as t h i s  i s  a necessary c o n d i t i o n  f o r  picosecond pulses. 
With t h e  SHG set-up ad jus ted  t o  zero delay between t h e  halves o f  
the  pulses, the  l a s e r  i s  tuned so as t o  maximize t h e  SH power. When t h i s  
i s  accomplished, a measurement o f  t h e  SHG as a f u n c t i o n  o f  the  path delay, 
as described i n  Sect ion 4.2, i s  performed t o  determine t h e  pu l se  width.  
A t y p i c a l  SHG curve i s  shown i n  F igure  5.1.4. 
When t h e  pumpi ng power increases beyond thresh01 d, the  picosecond 
pulses increase i n  du ra t i on  t o  %250-350 psec. A t  t he  same time, the 
bandwidth narrows considerably. When the  purnpi ng power increases f u r t h e r ,  
each long pu l se  breaks i n t o  two u l t r a s h o r t  pulses and the bandwidth i s  
w ider  again, a l though n o t  as wide as d u r i n g  the s i n g l e  pu lse  operat ion.  
This observat ion i s  dep ic ted  i n  F igure  5.1.5. The spectrum o f  t h e  laser ,  
when d isp layed by the  OMA, can thus be used t o  mon i to r  t he  l a s e r  opera- 
t i o n a l  s t a t e  i n  r e a l  t ime.  
5.2 Summarizing the Laser Output Character is  - t i c s  
The l a s e r  ou tpu t  cha rac te r i s  t i c s  were descr ibed i n  Sect ion 2.7. 
They are  repeated here: 
h = 6100-6150f 
A t p  = 1-2 psec 
peak power = 1-4 kW 
4 r e p e t i t i o n  r a t e  = ?. 4.4 x 10 pps 
2 DELAY 
Fig. 5.1.4 A typical  t r a ce  o f  a noncolinear second harmonic generation 
autocorrel  a t ion measurement (see Sections 4.1 and 4.2). 
PULSE 
SHAPE 
SINGLE SINGLE LONG PULSE A PAIR OF 
ULTRASHORT SHORT 
PULSE PULSES 
INCREASING PUMPING POWER 
Fig. 5.1.5 Some typical  l a s e r  pulse shapes and the re la ted  spect ra  a t  
various pump levels  . 
Note: The pulses can be conipressed t o  0 , 3  psec [3], However, in the 
experinients which we performed (see following chapters), such a resolu- 
tion is not required and pulse coinpressiorr has not been attempted. 
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Part 11 
PHOTOCONDUCTIVE TNPUI-SE RESPONSE 
AND EXCESS CARRIER LIFETIME 
OF Cr-DOPED GaAs 
Chapter 6 
GENERAL INTRODUCTION 
6.0 I n t r o d u c t i o n  
8 Since i t  was f i r s t  found t h a t  h igh  r e s i s t i v i t y  GaAs ( p  % 10 R-cm) 
cou ld  be c o n s i s t e n t l y  prepared by doping i t  w i t h  chromium [I], semi- 
i n s u l a t i n g  Cr:GaAs has been us..d i n  a v a r i e t y  o f  app l i ca t i ons .  I t  i s  
w ide ly  employed i n  e p i t a x i a l  growth as a h igh  r e s i s t i v i t y  subs t ra te  and, 
due t o  i t s  r e l a t i v e l y  h igh  m o b i l i t y ,  i t  i s  used i n  microwave devices 
above the x-band frequencies [Z ] .  Recently, i t  was suggested as a mate- 
r i a l  s u i t a b l e  f o r  f a s t  photodetectors [33 and h igh  speed op toe lec t ron i c  
swi tches [4]. 
Crys ta ls  o f  Cr:GaAs have been the sub jec t  o f  i n t e n s i v e  i nves ti gat ions 
dur ing  the l a s t  f i f t e e n  years. Ma te r i a l  growth has been improved t o  
y i e l d  h igh  r e s i s t i v i t y  s i n g l e  c r y s t a l s .  However, n o t  on ly  i s  t he  impur- 
i t y  concentrat ion d i f f e r e n t  from one growth t o  another, b u t  the d i s  t r i b u -  
t i o n  i s  n o t  un i fo rm w i t h i n  the same i n g o t .  This  exp la ins  the wide range 
o f  r e s u l t s  from photoe lec t ron ic  measurements performed on t h i s  ma te r i a l  
([36-401 and many o thers) .  
The sub jec t  of P a r t  I 1  o f  t l ~ i s  t hes i s  i s  the photoconduct ive i m -  
pu lse response and excess c a r r i e r  l i f e t i m e  o f  C r :  GaAs. The pho toca r r i  e r  
1 i f e t i  me i n C r :  GaAs has been s tud ied  by photoconduct i  v i  t y  measurements 
w i t h  both continuous and pulsed i 1 lutninat ion, Under steady s t a t e  condi - 
t i o n s  and w i t h  photon energy near  o r  below the  absorpt ion edge, c a r r i e r  
l i f e t i m e s  o f  250 psec [53] t o  0.1 psec 1591 have been measured. I n  con- 
t r a s t ,  when i l l u m i n a t e d  w i t h  an u l t r a s h o r t  l a s e r  pulse ( %  30 psec) and 
photon energy much h i g h e r  than t h e  band gap energy, l i f e t i r e s  s h o r t e r  
than 100 psec have been r e p o r t e d  [3,4]. The s h o r t  c a r r i e r  l i f e t i m e  i n  
Cr:GaAs was a t t r i b u t e d  [ 4  ,531 t o  recombinat ion cen te rs  formed nea r  t he  
GaAs @id-gap by the  C r  dopant. However, p r i o r  t o  the work presented 
i n  t h i s  t h e s i s ,  no a r l a l y t i c a l  c a l c u l a t i o n s  o f  t he  process o f  recombi na- 
t i o n  through f l aws  i n  Cr:GaAs have been publ ished,  and t h e  i ncons i s tency  
between the  CW and t he  pu lsed  measured l i f e t i m e s  has n o t  been s o l v e d .  
I n  o u r  exper iment,  t he  photoconduct ive impulse response o f  C r :  GaAs 
was s t u d i e d  by  i r r a d i a t i n g  the  m a t e r i a l  w i t h  a  cont inuous t r a i n  o f  p i c o -  
secorld 1 i g h t  pu lses w i  t l~ photon e n e r g  above t h e  hand-gap energy. The 
pu lses were generated by  a mode l ocked  CW dye l ase r ,  descr ibed  i n  t h e  
f i r s t  p a r t  o f  t h i s  t hes i s .  D i s t o r t i o n  o f  t h e  pho tocu r ren t  [ iu lses by d i s -  
pe rs i on  o r  r e f l e c t i o n s  were min imized so t h a t  they d i d  n o t  a f f e c t  t h e  
observat ion.  A pho toconduc t i ve  decay t ime o f  1 ~ 6 7  psec was deduced f rom 
the  exper imenta l  r e s u l t s ,  and was i n t e r p r e t e d  as t h e  r e s u l t  o f  b o t h  b u l k  
and su r f ace  recombinat ion.  I t  was shown a n a l y t i c a l l y  t h a t  t he  67  psec 
decay t ime  agreed w e l l  w i t h  t h e  c a r r i e r  l i f e t i m e  measured under s teady 
s t a t e  c o n d i t i o n s .  
6.1 O u t l i n e  o f  P a r t  I 1  
The pho toconduc t i  v i  ty  exper iment  and i t s  r e s u l t s  a r e  descr ibed  i n  
Chapter 7. The e f f e c t s  o f  t h e  e l e c t r i c  c i r c u i t  and t h e  d e t e c t i o n  system 
on the  observed c u r r e n t  irnpulse a re  d i scc rs~ed  and analyzed i n  Chapter 8, 
and t h e  photoconduct ive impulse response o f  t h e  samples i s  deduced f r om it. 
I n  Chapter 9, t h e  p h o t o c a r r i e r  l i f e t i m e  o f  Cr:GaAs i s  d iscussed,  
based on the  e l e c t r i c  and chemical p r o p e r t i e s  o f  t h e  m a t e r i a l .  The 
experimental results are compared t o  analytical calculations which take 
into account both deep impurity levels and sirrface s t a t e s .  
Chapter 7  
THE EXPERIMENT 
7.0 I n t r o d u c t i o n  
I n  t h i s  chapter  our  exper in~enta l  set-up used t o  s tudy the  
photoconduct i  ve impulse response o f  Cr:GaAs w i  11 be described, and the 
observed p l io tocur ren t  impulse w i l l  be presented. 
7.1 The E x ~ e r i m e n t a l  Set-Ua 
The exper imenta l  set-up i s  shown i n  F igure  7.1.1. I t  resembles a  
t y p i  c a l  arrangement f o r  photoconduct i  v i  t y  rneasurernen t s  i n  whi ch the inves-  
t i g a t e d  m a t e r i a l  i s  connected i n  s e r i e s  t o  the  e l e c t r i c  c i r c u i t  and the  
cu r ren t  i s  measured as a  func t i on  o f  m a t e r i a l  i l l u m i n a t i o n .  I n  our  exper- 
iment, the semi - i nsu la t i ng  (51 )  GaAs sample b r i dged  a  gap i n  the  conduct ive 
s t r i p  o f  a m i c r o s t r i p  t ransmiss ion l i n e .  The m i c r o s t r i p  was c o a x i a l l y  
connected on one s ide  t o  a  dc power supply, and on the  other, d i r e c t l y  t o  a 
sampling osc i  1  loscope. The o p t i c a l  picosecond pulses were generated by the  
pass ive ly  mode locked CW dye l a s e r  described i n  Pa r t  I of t h i s  
thes is .  The pulses were o f  wavelength h = 6100-61501, a  du ra t i on  o f  l e s s  
5 than 2 ps, peak power o f  about 1  kW, and a  r e p e t i t i o n  r a t e  o f  4.4 x 10 pps. 
9 Due t o  the h i g h  res is tance o f  t h e  semi - i nsu la t i ng  GaAs ($ 10 Q), 
on ly  a  weak dark c u r r e n t  flowed i n  the  c i r c u i t .  When the  o p t i c a l  pu lse  was 
i n c i d e n t  on t h e  C r :  GaAs, e lec t ron -ho le  pai rs were generated and t h e  conduc- 
tance o f  the  gap increased. As a  r e s u l t  the l i n e  was d-i scharged through i t  
and a  c u r r e n t  impulse was produced. Mhen the  SI-GaAs was res to red  t o  i t s  
h i  g t ~  r e s i s t i v i t y  s ta te ,  t he  c u r r e n t  re tu rned t o  i t s  law l e v e l .  This  caused 

e l e c t r i c  pulses t o  propagate i n  the  l i n e  a t  the r e p e t i t i o n  r a t e  o f  the 
o p t i c a l  pulses. The cu r ren t  pulses were detected b y  the  sampling o s c i l -  
loscope. Because o f  t h i s  sw i t ch - l  i ke operat  ion, the  term "swi t c h i n g  
u n i t "  w i l l  be used t o  designate the  element which cons is ts  o f  t he  micro-  
s t r i p  l i n e  w i t h  the  SI-GaAs a t  i t s  gap, and t h e  coax ia l  connectors a t -  
tached t o  it. 
The osc i  l 1 oscope used i n  the  experiments was Tekt ron i  x  790417S11- 
7 T l l  w i t h  a sampling head S-4 which had a nominal r i s e  t ime of 25 psec. 
This osc i l l oscope  had t o  be t r i g g e r e d  about 90 nsec p r i o r  t o  de tec t ion .  
Since a j i t t e r  o f  more than %I0  ps would a f f e c t  the  observat ion, i t  was 
bes t  t o  t r i g g e r  w i t h  the  same o p t i c a l  pulse which was be ing  detected 
( t h e  pu lse  t r a i n  was n o t  p e r f e c t l y  pe r iod i c ,  as exp la ined i n  Chapter 2, 
so t h a t  t r i g g e r i n g  by a previous pu lse  would n o t  p revent  a j i t t e r ) .  I n  
Sect ion 2.6 the  acoustoopt ic  dumper was described. It d e f l e c t e d  a por- 
t i o n  o f  each i n t e r n a l  o p t i c a l  pu lse  forward, and another p o r t i o n  back- 
ward. The backward pulse was used t o  t r i g g e r  the  sampling osc i l loscope,  
whi 1e t h e  forward def 1ected pu lse  passed through a 90 nsec o p t i c a l  delay 
l i n e  ( i n  f r e e  a i r )  be fo re  be ing  focused on t h e  sample by a lens of focal 
length  f = 10 cm. It was poss ib le  t o  change the  l i g h t  spot  s i z e  and 
t o  scan i t  across the  gap, General ly,  t h e  spot diameter was b i g  enough 
t o  i l l u m i n a t e  the  whole gap. 
7.2 The Various Types o f  Swi tch ing  -- Un i t s  
Several methods were employed t o  connect the Cr:GaAs sample t o  the 
c i  r c u i  t. The b e s t  temporal r e s o l u t i o n  was achieved when the semi- 
i n s u l a t o r  was assembled i n  a  t ransmiss ion l i n e ,  b r i d g i n q  a  gap i n  i t s  
conduct ive s t r i p .  This package was r e f e r r e d  t o  i n  t he  previous sec t i on  
as the  " sw i t ch ing  u n i t "  (SU). To study t h e  rtependence o f  t he  cu r ren t  
impulse on the  e l e c t r i c a l  c i  r c u i  t, severa l  types o f  sw i t ch ing  u n i t s  have 
been studied.  O f  each type, several  u n i t s  w i t h  d i f f e r e n t  parameters 
and v a r i a t i o n s  i n  design have been tested. There have been three general 
types o f  s w i t c h i n g  u n i t s  w i t h  f a s t  response. Two are  based on the micro-  
s t r i p  l i n e  and w i  11 be r e f e r r e d  t o  as types SUA and SUB, w h i l e  the t h i r d  
i s  based on a  coax ia l  t ransmiss ion l i n e ,  and w i l l  be r e f e r r e d  t o  as type 
SUC. For purposes o f  bookkeeping, the swi t ch f  ng u n i t s  a re  numbered, f o r  
instance,  SUA-23, SUB-10, e t c .  The th ree  types o f  SU's w i l l  now he de- 
scr ibed:  
(a)  Swi tch ing  u n i t  o f  the SUA type 
The SI-GaAs was used here  as t h e  d i e l e c t r i c  f i l l i n g  o f  t he  ni icro- 
s t r i p  l i n e ,  as shown i n  F igure  7,z.l. T y p i c a l l y ,  t h e  wafers were o f  
dimension 3  x 1  x0.036 cm, An Au-Ge conduct ive s t r i  p w i t h  a  gap was pre- 
pared as w i l l  be descr ibed i n  Sect ion  7.3. I t s  w i d t h  was determined so 
t h a t  the  c h a r a c t e r i s t i c  l i n e  impedance was 50R, i .e., matched t o  the 
i n p u t  impedance o f  t i l e  sampling osc i  I loscope.  The wa fe r  was then placed 
on a  copper b l o c k  which, i n  a d d i t i o n  t o  suppor t ing  the SI-GaAs subst ra te ,  
served as the  bot tom conduct ive p lane requ i red  t o  complete t h e  m i c r o s t r i p  
s t r u c t u r e .  M i n i a t u r e  coax ia l  connectors designed t o  operate i n  the range 
o f  dc-18 GHz w i t h  maximum vo l tage standing-wave r a t i o  (VSWR)" o f  1.25 [5a] 
* 
VSWR 5 I+/PJ where p i s  the r e f l e c t i o n  c o e f f i c i e n t .  
1  - l p l  
Fig.  7.2.1 Switching u n i t  o f  SUA type. The copper block is  
3 x 1 . 9 x 1 . 3  cm. The gap 4s 400 urn (typically, lOO vm 
gap was used). More d e t a i l s  can be found i n  the 
t e x t .  
were at tached t o  the  copper b lock .  T h e i r  i n n e r  conductors, which were 
0.010" rods, were soldered t o  the conduct ive s t r i p  on the  SI-GaAs wafer. 
The impedance o f  t h e  sw i t ch ing  u n i t  was t e s t e d  by a  Tek t ron i x  t ime domain 
re f l ec tomete r  w i  t h  25 ps r i s e  t ime (% 5  mm r e s o l u t i o n ) ,  and was found t o  
be 50G w i t h i n  the  impedance r e s o l u t i o n  o f  the TDR (see Sect ion 8.1). The 
gap widths used i n  t h e  SUA sw i t ch ing  u n i t s  were 70, 100, and 400 vm. 
( b )  Swi tch ing  u n i t  o f  t he  SUB type 
I n  t h i s  type o f  sw i t ch ing  u n i t ,  shown i n  F igure  7.2.2, the  
SI-GaAs was assembled i n  a  rnicrostr, ip whish had been f a b r i c a t e d  from a  
commerci a1 copper c l a d  subs t ra te  w i t h  a  d i e l e c t r i c  f i  11 i ng o f  po lys ty rene 
[ 6 ] .  The d i e l e c t r i c  constant  o f  the po lys ty rene subs t ra te  was 2.54 a t  
10 GHz, i t s  d i s s i p a t i o n  f a c t o r  0.005, and i t s  th ickness 794c 100 pm [ 6 ] .  
For a  c h a r a c t e r i s t i c  impedance o f  50p, i t  was found e m p i r i c a l l y  t h a t  the  
s t r i p  w id th  associated w i t h  a  d i e l e c t r i c  thickness o f  794 pm should be 
0.188 cm (see Sect ion 8.1). The copper m i  c r o s t r i p  was prepared photo l  i t h o -  
g raph ica l l y .  P o s i t i v e  photores is t ,  Sh ip ley  13505 [7 ]  was s p i n  coated on one 
s i d e  whi l e  t h e  o t h e r  was coated w i t h  a Q - t i p .  A f t e r  convent i  onal exposure 
t o  UV l i g h t  through the  appropr ia te  mask, and development o f  t he  photore- 
s  i s  t (us i  ng Shi p ley  MF312 [7]) ,  t he  exposed copper was etched by a h o t  
aqueous s o l u t i o n  o f  f e r r i c  ch lo r ide .  The the  rernaini ng p h o t o r e s i s t  was re -  
moved from both  s ides.  To accommodate t h e  SI-GaAs sample, the copper s t r i p  
was f a b r i c a t e d  w i t h  a  gap o f  1.5 mm. The l o c a t i o n  o f  t h i s  gap, r e l a t i v e  t o  
the  d is tance f rom the end connectors, va r i ed  from one sw i t ch ing  u n i t  t o  
another. The samples themselves had pads o f  Au-Ge, Au-Zn, o r  C r  as 
contacts. The pads, which had been prepared photo l  i t hog raph ica l  l y ,  were 
n COPPER 
/ Cr: Ga As SAMPLE 
( b )  
F ? a .  7.2.2 A sswi tch inq u n i t  o f  type SUB: (a )  a  cross sec t i on  along the 
center  o f  the m i c r o s t r i p ,  ( b )  a s ide  view. 
F i q .  7 . 2 . 3  Assembly con f i au ra t i ons  of the Cr:GaAs sample i n  sw i t ch ing  u n i t  
SUB: ( a )  The exposed, ( b )  the covered, and ( c )  the b u r i e d  sample. 
S I  = Cr:GaAs sample, q = s o l d  pads (contac ts ) ,  c = copper s t r i p ,  
qp = qround plane, d = d i e l e c t r i c  f i l l l n q ,  and s = so lde r  o r  
conduct ive epoxy. 
separated by 100 pm from each other ,  and were so ldered t o  the copper 
1 i ne b r i d g i n g  the gap i n  t h e  conduct i  ve s t r i p .  The th ree  s t r u c t u r e s  shown 
i n  F igure 7.2.3 y i e l d e d  s i n ~ i l a r  r e s u l t s .  Therefore, the sw i t ch ing  u n i t s  
of  type SUB repo r ted  i n  what fo1  lows are, w i t h  one except ion, o f  the  ex- 
posed type (F igure  7.2.3a). The mi cros tri p was supported by  a copper o r  
l u c i  t e  b lock  t o  which m i n i a t u r e  coax ia l  connectors [5b] were attached. The 
s p e c i f i c a t i o n s  o f  these connectors were s i m i l a r  t o  those used i n  the  SUA 
sw i t ch ing  u n i t s .  To ensure good con tac t  between the  connectors and the  
ground plane o f  t he  m i c r o s t r i p ,  t he  ends o f  t he  lower copper sheet were 
fo lded  over t he  copper b lock  (see F igu re  7.2.2b). 
( c )  Swi tch ing  u n i t  o f  the SUC type 
This sw i t ch ing  u n i t  fo l lowed the  design o f  a f a s t  photodiode package 
l 8 1  . I t s  exploded diagram i s  shown i n  F igure 7.2.4. The Cr:GaAs 
sw i t ch ing  element was connected a t  one s i d e  o f  t h e  gap t o  the  t i p  o f  a 
m in ia tu re  coax ia l  connector [5c] and a t  the o t h e r  s ide  t o  the package [9], 
7.3 Sample Prepara t ion  
Wafers o f  semi - i nsu la t i ng  C r :  GaAs were purchased from Crys ta l  
Speci a1 ti es , Inc .  f 101 o r  rece i  ved from the Naval Research Laborator ies 
[Ill. The wafers had been cu t  a long the (100) c r y s t a l l o g r a p h i c  p lane t o  
a thickness o f  about 400 vm and were mechanical ly pol ished.  Contacts o f  
Au-Ge, Au-Zn, o r  C r  were evaporated on the  samples. Immediately be fore  
evaporat ion t h e  wafer  had been cleaved t o  s i z e  and cleaned thoroughly by  
acetone, methanol, isopropanol,  and HCI o r  H2S04 Dur ing t h e  evaporat ion, 
which was performed a t  5 x 1 0 - ~ t o r r ,  l aye rs  o f  t he  con tac t  mater i  a1 2.7000a 
were deposited. The conduct ive s t r i p s ,  i n  the case o f  SUA, and the 
Aluminum 
Brass 
Inner conductor - -Aluminum 
Teflon 
M i  niot ure 
connector 
F i g .  7.2.4 Swi tch ing  u n i t  o f  type SUC. 
conduc t i ve  pads, i n  the  case o f  SOB and SUC, were prepared p h o t o l i  tho -  
g r a p h i c a l l y ,  us i ng  pos i  t i v c  p h o t o r e s i s t  (Sh ip l ey  13505 [7])  and metal  - 
f ree  developer  (Sh ip l ey  MF-312 [7 ] ) .  lidhen Au-Ge o r  Au-Zn were used as 
con tac ts ,  t h e  unwanted g o l d  was e tched  away by a s o l u t i o n  o f  K I  : 12: H20 = 
275: 15:250. When C r  was used, t h e  s t r i p s  were prepared b y  a l i f t - o f f  
method. The con tac t s  were a l l o y e d  i n  a  hydrogen ic  environment.  The Au-Ge 
con tac t s  were a l l o y e d  a t  410°C and t h e  Au-Zn a t  500°C, t y p i c a l l y  f o r  
15 seconds, a1 though l o n g e r  a l l o y i n g  pe r i ods  were t e s t e d  too. The C r  con- 
t a c t s  were n o t  a l l  oyed. 
A f t e r  b e i n g  a l l oyed ,  t h e  Au-Ge showed r e l a t i v e l y  h i g h  r e s i s t a n c e  
about 10n p e r  rnm l e n g t h  (corresponds t o  2  x 1 0 - ~ ~ - c m ,  which i s  100 t imes 
the  r e s i s t i v i t y  o f  pure  go ld ) .  I t s  t h i ckness  was measured b y  a  Sloan 
Dektak i ns t rumen t  t o  be ~ 7 0 0 0 1 .  Th i s  i s  about 1-1/2 t imes t h e  p e n e t r a t i o n  
depth o f  pure  go ld ,  so t h a t  t h e  r e l a t i v e l y  h i g h  r e s i s t i v i t y  was a t t r i b u t e d  
t o  t h e  impu r i  ty  o f  t h e  Au-Ge. Consequently, ano ther  l a y e r  o f  pu re  g o l d  
(99%) was evaporated on t o p  o f  t h e  Au-Ge, immediate ly  a f t e r  i t s  evapora- 
t i o n .  The r e s i s t a n c e  o f  t h e  Au-Ge/Au s t r i p  then  dropped t o  l e s s  than 
2R/mm. 
7.4 Exper imenta l  Resu l ts  
Two t y p i c a l  o s c i l l o s c o p e  d i s p l a y s  o f  t h e  response o f  t h e  e l e c t r i c  
c i r c u i t  t o  picosecond 1  i g h t  i l l u m i n a t i a n  o f  the  Cr:GaAs a re  shown i n  
F igu re  7.4.1. The r i s e  t ime  (10-90%) i n  bo th  i s  about 25 ps, and t h e  
f a l l  t ime ( l / e  o f  t h e  peak) i s  about 75 ps. The " k i n k "  a t  t h e  decay i s  
a t  about 7/10 o f  t h e  peak. 
(b) 
F ig .  7.4.1 T y p i c a l  o s c i l l o s c o p e  d i s p l a y s  o f  t h e  s w i t c h i n g  u n i t  response 
0 
t o  a picosecond pu l se  i l l u m i n a t i o n  ( ~ = 6 1 0 0  A )  of  t h e  Cr:GaAs. 
Fourteen switching units are l i s t ed  in Table I .  Various samples 
of Cr: GaAs have been investigated, "Standard" mans the regular Cr: GaAs 
as purchased from Crystal Special t ies ,  Inc.  [lo],  while "high doped" in- 
di cates samples with higher Cr concentration than "standard" ClOb]. 
More detai ls  on th i s  c lassif icat ion will  be given in  Chapter 9. "NRL" 
i s  a sample received from the Naval Research Laboratories [ l l ] .  
The transmission i s  defined here as the r a t i o  between the peak 
voltage displayed on the osc~illoscope to  the applied dc voltage. lrlhen 
marked by "low," the transmission i s  below 0.1%. Notice, though, that  in 
studying the photoconductive impulse response the e f for t s  were channeled 
tokqard improving the temporal resolution rather than increasl'nq the trans- 
mission. The transmission depends on the level of exci ta t ion,  the quality 
of  the contacts, and the gap length. 
The "kink" shown iro Figure 7.4.lb has been observed in  the impulse 
response of the switching units which are marked by ( x ) .  
The extinction of the switching unit was measured t o  be a t  l eas t  
5 7 1 : 10 (dark dc current:peak photocurrent), and ca1 culated t o  be 1: 10 a t  
the excitation levels used in the experiment (see Section 7,1). 
T a b l e  1  
1 / e  
Fa1 1 
Swi t s h  S t r i p  Cr : GaAs Contact. Gar) Trans -  Time 
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SUB-8 d )  
coaxi a1  
s t a n d a r d  
s t a n d a r d  
s t a n d a r d  
s , t a n d a r d  
N RL 
h igh  doped 
s t a n d a r d  
s t a n d a r d  
s t a n d a r d  
s t a n d a r d  
h igh  doped 
s t a n d a r d  
s t a n d a r d  
s t a n d a r d  
Au-Zn a 1 
ALI - Ge a 1 
era) 
Au-Zn a  1 
Au - Zn a 1 
Au- Zn a 1 
Au- Zn a 1 
~ u - ~ n ~  
low 150 
2% 120 
1 % 100 
1 ow 75 
low 100 
1  % 75 
0.3% 75 
0.1% 70 
a ) ~ o l d e r e d  t o  t h e  copper  s t r i p  by an i n d a l l o y  s o l d e r  Indium: 90%, S i l v e r :  
10% C12-J. 
b ) ~ o n n e c t e d  t o  t h e  copper  s t r i p  by g o l d  epoxy 
" ~ o n n e c t e d  t o  the s w i t c h i n g  u n i t  by s i l v e r  epoxy 
d i ~ a m e  a s  SUB-5 b u t  o f  t h e  b u r i e d  s w i t c h i n g  e lement  t y p e  ( s e e  F i g u r e  7 . 2 . 3 ) .  
Chapter 8 
DEDUCTION OF THE PHOTOCONDUCTIVE IMPULSE RESPONSE 
OF Cr:GaAs FROM THE EXPERIMENTAL RESULTS 
8.0 I n t r o d u c t i o n  
I n  Chapter 7 t he  r e s u l t s  o f  t he  Cr:GaAs pho toconduc t i v i t y  expe r i -  
ment have been presented, The observed impulse (F igure  7.4.9) does n o t  
e x a c t l y  correspond t o  the  photoconduct ive impulse response o f  t h e  
Cr:GaAs sample which we wish t o  i nves t i ga te .  I t  i s ,  r a t h e r ,  a convolu- 
t i o n  o f  t he  c u r r e n t  pu lse  which r e s u l t s  from t h e  change i n  the  gap con- 
d u c t i v i t y  a f t e r  the  picosecond i l l u m i n a t i o n  and t h e  impulse response of 
the  osc i l l oscope .  To deduce the  temporal behavior  o f  t he  Cr:GaAs con- 
d u c t i v i t y  f rom the  observed impulse, we must f i r s t  ensure t h a t  t he  cu r ren t  
pulses a r e  n o t  d i s t o r t e d  w h i l e  propagat ing a long the  t ransmiss ion  1 i n e  
f rom the  gap i n  the  sw i t ch ing  u n i t  t o  t h e  o s c i l l i s c o p e .  Such d i s t o r t i o n  
can be a r e s u l t  o f  r e f l e c t i o n s  f rom impedance d i s c o n t i n u i t i e s  and d i spe r -  
s i v e  broadening o f  the  pulses. 
We s t a r t  t h i s  chapter  by showing t h a t  r e f l e c t i o n s  and d i spe rs i ve  
e f f e c t s  have been minimized and do n o t  a f f e c t  the p r o f i l e  o f  the  detected 
cu r ren t  pulses. Fo l lowing tha t ,  the osc i l loscope d i s p l a y  i s  deconvolved 
and the  photocur ren t  pulses a r e  analyzed so as t o  determine the  photo- 
conduct ive impulse response o f  our  C r :  GaAs samples. A t  the end o f  the 
chapter, the observed photocor~derctance o f  the gap i s  compared w i t h  i t s  
theore t i c a l  value, ca l cu la ted  from b u l k  conduct iv i  ly parameters o f  
C r :  GaAs . 
8.1 Impedance Matching o f  a M i c r o s t r i p  -- Line  
The t ransmiss ion l i n e  chosen f o r  the t r a n s i e n t  photoconduct i  u i t y  
experiments was the m i c r c s t r i p  l i n e ,  A r i i i c ros t r i p  cons i s t s  c f  a  s t r i p  
conductor and a  ground plane, separated by a  d i e l e c t r i c  medium, as shown 
i n  F igure 8.1.1. I n  the f i gu re ,  E i s  the d i e l e c t r i c  cons tant  o f  the sub- 
s t r a t e ,  h  i s  the subs t ra te  thickness, w i s  the w id th  o f  the s t r i p  con- 
ductor ,  and t i s  i t s  thickness. It i s  r e l a t i v e l y  easy t o  fab r i ca te ,  as 
the subs t ra te  can be wide and on ly  t h e  upper sur face requ i  res speci a1 
photo1 i t hog raph i  c  ( o r  o t i l e r )  treatmen t. Other types o f  t ransmiss ion l i n e  
which might  have been used are  the  s t r i p l i n e  (F igure  8.1.2) and the co- 
a x i a l  l i n e .  They are more d i  f f i c r ~ l  t t s  f ab r i ca te  as we need access f o r  
the l i g h t  t o  i l l u m i n a t e  the  sample a t  t h e  l i n e  gap, w h i l e  no s i g n i f i c a n t  
advantage i s  gai ned by us ing  them. Thei r i s01  a t i o n  f rom neighbor ing 
c i  r c u i  t s  i s  b e t t e r  than i n  a  m i c r o s t r i  p, b u t  t h i s  i s  not  an impor tan t  
f a c t o r  i n  the present  experiment. 
F i e l d  l ines  o f  a  m i c r o s t r i g  a r e  shown i n  F igu re  8.1.3. A1 though 
n o t  811 of them a r e  e n t i r e l y  conta ined w i t h i n  the  substrate,  and there-  
fo re  t h e  propagat ing modes a r e  n o t  p u r e l y  TEM, quasi-TEM modes 
a r e  considered i n  ana lyz ing  the rnScrostr ip c h a r a c t e r i s t i c s .  I n  r e a l i t y ,  
t he  modes a r e  hyb r id .  A t  h igh  frequencies, nrodes i n  the fom of sur -  
face waves and t ransverse resonances are  e x c i t e d  $ 1 3 1 .  The sur face 
waves a re  IM and TE modes which propaydte acrosb a d i e l e c t r i c  subs t ra te  
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F i q .  8.1.3 F i e l d  i i n e s  o f  a m i c r o s t r i p .  
w i t h  a ground plane. S i g n i f i c a n t  coup l i ng  between the  quasi-TEM and 
the  sur face wave modes occurs above the  frequency [14]. 
i n  which c i s  t he  speed o f  l i g h t  and r and h a r e  as i n  F igu re  8.1.1. 
For  t he  m i c r o s t r i p s  i n  our  experiment, fs > 75 GHz. Since the  o s c i l l o -  
scope bandwidth i s  93.7 GMz a t  3 db,  we may assume t h a t  o n l y  quasi-TEM 
modes a r e  e f f e c t i v e  i n  our  measurements. 
The most impor tan t  parameter o f  the  t ransmiss ion  l i n e  i s  i t s  
c h a r a c t e r i s t i c  impedance. For a g iven substrate,  i .e . ,  d i e l e c t r i c  con- 
s tan t ,  E,  and thickness, h, and f o r  a g iven conductor th ickness,  t, the  
impedance depends on t h e  s t r i p  w id th  w. To date, t he re  a re  no exact  
closed-form formulas f o r  t h i s  dependence, and o n l y  approximate ex- 
pressions have been publ ished.  These expressions a r e  compared w i t h  each 
o the r  i n  F igu re  8.1.4, where the  r a t i o  o f  s t r i p  w id th  t o  subs t ra te  t h i c k -  
ness i s  p l o t t e d  as a f u n c t i o n  o f  t he  c h a r a c t e r i s t i c  m i c r o s t r i p  impedance. 
The two d i e l e c t r i c  constants used i n  the  c a l c u l a t i o n s  correspond t o  the  
substrates o f  sw i t ch ing  u n i t s  SUA [19] and SUB [6], respec t i ve l y ,  a t  
f = 10 GMz (see Sect ion 7.2). 
Since each formula r e s u l t s  i n  a d i f f e r e n t  va lue f o r  w/h f o r  a 
g iven z, none o f  them can be used w i t h o u t  being f i r s t  compared w i t h  ex- 
per imenta l  measurements. To do t h a t ,  m i c r a s t r i p s  s i m i l a r  t o  those used 
i n  our  experiment, b u t  w i thou t  a gap, were prepared w i t h  d i f f e r e n t  s t r i p  
widths.  The i r  irrrpedance was determined by a Tektrsrr ix  7512 t ime domain 
re f l ee tomete r  ('TDR) w i t h  a r i s e  t ime at" 25 psec ('li .@. , a s p a t i a l  
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r e s o l u t i o n  o f  about 5 mm). The m i c r o s t r i p s  were connected on one s ide  
t o  the  50R e x i t  o f  t h e  TDR and on the  o the r  t o  a  50R t e r m i n a t i o n "  
F igu re  8.1.5 shows TDR measurement r e s u l t s  o f  t h r e e  m i c r o s t r i p s  
o f  t h e  SUB type. The h o r i z o n t a l  a x i s  i s  t he  d is tance a long the  l i n e  and 
the  v e r t i c a l  a x i s  i s  equ iva len t  t o  the  r e f ' l e c t i o n  c o e f f i c i e n t .  The l i n e  
w i t h  the  s t r i p  w i d t h  o f  0.188 cm i s  o f  50!2 impedance w i t h i n  the  instrumen- 
t a l  r e s o l u t i o n .  The d i s c o n t i n u i t i e s  i n  t he  impedance a t  the  connectors 
determines t h e i r  VSWR (see foo tno te  i n  Sect ion  7.2)  t o  be 1,03, w h i l e  
t h a t  o f  the  te rm ina t i on  i s  1  .01. Both values a re  w i t h i n  t h e  manufac- 
t u r e r ' s  s p e c i f i c a t i o n s  [5b] ,[20Q. Sirni l a r  measurements were done on 
sw i t ch ing  u n i t s  o f  the  SUW type, as shown i n  F igu re  8.1.6. To o b t a i n  50R 
c h a r a c t e r i s t i c  impedance, w i t h  Cr:GaAs subs t ra te  th ickness o f  400 um, 
the  s t r i p  w i d t h  had t o  be 356 pm. 
The r e s u l t s  o f  t he  TDR measurenlents a r c  marked i n  F igure  8.1.4, 
from which i t  i s  obvious t h a t  they  bes t  f it Kaupp's emp i r i ca l  formula [ I 8 1  
= 1.25[------ 5.97 - -  t 
f; exp ( Z & + m / 8 7 )  Ti) 
( f o r  no ta t i ons ,  r e f e r  t o  F igure  8.1 - 1  ) .  An e f f e c t i v e  d i e l e c t r i c  constant  
can be def ined by 
* 
The bas ic  ope ra t i on  o f  a TDR i s  t o  send a vo l tage  pu lse  a long the  l i n e ,  
and t o  consequently d e t e c t  i t s  r e f l e c t i o n  r e s u l t i n g  f rom d i s c o n t i n u i t i e s  
i n  t h e  l i n e  impedance. 
F i  q. 8.1.5 Power r e f l e c t i o n  ( v e r t i c a l  a x i s )  from impedance d i s c o n t i n u i t i e s  
a long a wave guide which cons is ts  of 50R l i n e s  connected t o  bo th  
s ides  o f  a  m i c r o s t r i p  of type SUB. The t r a n s i t i o n s  occur  a t  t he  
connectors, 
COPPER BLOCK 
Fig,  8.1.6 Osci l loscope disp1a.y o f  inlpedance d i s c o n t i n u i t i e s  i n  a  sw i t ch ing  
u n i t  s f  type SUA, measured by a  TBR. The m i c r o s t r i p  i s  connected 
on the l e f t  t o  a 50S1 l i n e .  
where the subscript "0" denotes a microstrip with an a i r  substrate, 
Kaupp's expression for E~~~ i s  
E eff  = 0,475s + 0.67 (8.1.4) 
The formulas plotted in Figure 8.1,4 do not take into account any 
dispersion effect  other than the dielectr ic  constant dependence on 
frequency, However, a t  high frequencies the effective dielectric constant, 
defined i n (8.1.3) , has an addi t i  onal frequency dependence [21], [I 31, and 
therefore the characteristic impedance i s  more dispersive, The frequency 
spectrum af the photocurrent pulses can be roughly found by assuming the 
pulses t o  follow a step exponential decay function 
I t  will be shown (section 8.4) t h a t  rQ - 70 psec, therefore the 3 db 
frequency of the pulse spectrean1 i s  q 2 . 3  Gl.%z, "fe frequency speetum extends 
from dc t o  infini ty,  b u t  frequencies higher t h a n  the 3 db frequency of 
the oscil loscspe, i , e m ,  13,7 GWz, can be considered ineffective in our 
measurements , The impedance dependence on frequency can be neglected for 
frequencies below [ I91  
(h i n  cm) 
For both  SUA and SUB types of switching units, this  frequency i s  ~6 GHz, 
which i s  in the range of frequencies involved in our experiment. Therefore, 
the effect of dispersion an the impedance must be considered. Two formulas 
for  'eff ( f )  were found in the 1iterature:In ReT.[Pl], for f > fo . 
and in Ref. 1221 
(a.  -I. 7 )  
where f l  = ZIBnh and G = 0.5 + 0.0092. In these formulas f , fo  , and f l  
a r e  in GWz, and h and w (see Figure 8, 1 ,  I )  are in cm. Calculated from 
(8.1.6) and (8.1 7 E ~ ~ ~ / E  i s  plotted in Figure 8.1.7 against f / f l  . The 
shaded area i s  the frequency band involved in the experiment. (For 
switching unit of the SUA type, f ,  = 50 GHz, while for SUB, f l  = 25 GHz). 
From these formulas and from (8, l .  3) and (8 , l .  4) the error in computing 
2: a t  low frequency rather t h a n ,  for instance, 14 GNz i s  only Q-3% for 
b o t h  types of swi tehS ng units. 
I t  should be noted t h a t  when dispersion is taken into account 
while calculating the formulas plotted i n  Figure %,I  - 4 ,  none of them agree 
we1 1 w i  t k  the TDR measurements, 
A consequence of the discussion in this section i s  t h a t  i t  i s  
difficult to eliminate entirely the impedance diseont4nu$lies, Therefore, 
the gap in the micrsstFip, with the semi-insulating GaAs in i t ,  was 
placed far from the connectors, so as t o  avoid an overlap bet.ween the 
mai n pulse and i t s  reflections. 
Fig .  8.1.7 The e f f e c t i v e  d i e l e c t r i c  constant  dependence on frequency, 
f o r  m i c r o s t r i p s  o f  type SUA (curve A, E = 12.3, f ,  = 50 GHz) , 
and SUB (curve B ,  E = 2.54, f i  = 25 Gtlz) . The shaded area i n -  
d i ca tes  the  frequency band e f f e c t i v e  i n  our experiment. 
8.2 The E f f e c t  o f  Pulse Broadening i n  the  M i c r o s t r i p  on the Observed ---- -- 
Impul se 
When propagating a long a m i c r o s t r i p  l i n e ,  the  c u r r e n t  pulse pro- 
f i l e  might be d i s t o r t e d  as a r e s u l t  s f  a d i spe rs i ve  group v e l o c i t y  and 
frequency dependent losses. Th is  e f f e c t  must be minimized i f  the  photo- 
c a r r i e r  l i f e t i m e  o f  t he  Cr:GaAs sample i s  t o  be deduced f rom t h e  observed 
impulse (F igu re  7.4.1 ). 
Consider f i r s t  t he  group v e l o c i t y .  Assume a pu lse  w i t h  an i n i t i a l  
s p a t i a l  w i d t h  Axo and a v a r i a t i o n  Av o f  t h e  group v e l o c i t y  across i t s  
9 
frequency band. A t  t ime t, t h e  s p a t i a l  w id th  o f  t h e  pulse can be approx- 
imated by 1231 
For a transform-1 i m i  ted  pu1 se, 
so t h a t  
For p r a c t i c a l  use, we t r a n s l a t e  t ime i n t o  d is tance by z = tc/n(w) and de- 
f i n e  a d is tance zd by equat ing the  two terms under the  square r o o t  i n  
(8 .2 .3) ,  
n 
Dispers ive  broadening o f  a pulse, propagating a d is tance z, can be 
neglected i f  z c< z To c a l c u l a t e  zd we d i f f e r e n t i a t e  d  
which g ives  2  d n  
2 
d w -  - -  - 
dn w 3 ( 8 . 2 . 6 )  dk2 [n(u)  + w  - u j  dw 
2  2  We can es t imate  d  w/dk from (8.2.6) by us ing  the  d i spe rs ion  r e l a t i o n s  
g iven i n  the  prev ious sec t i on  f o r  tzeff ( f ) .  For instance, a t  14 GHz, 
which i s  about t h e  3 db frequency of ou r  osc i l l oscope ,  (8.1.6) and 
(8.2.4)-(8.2.6) g i ve  zd = 30 cm f o r  a  svr i tch ing u n i t  o f  t he  SlJA type, 
and zd  = 124 cm f o r  SUB. Since i n  ou r  experirnent t he  t r a v e l  d is tance 
between the  C r :  GaAs sample and the i n p u t  o f  the sampling osc i  l loscope 
was s h o r t e r  than 4 cm, p u l s e  broadening due t o  d ispe rs i ve  group 
ve l  o c i  ty  coul  d  be negl ected . 
Consider now pu lse  broadening due t o  tth dependence of t h e  'loss on 
the  frequency. Th is  e f f e c t  can be est imated w i t h  t h e  a i d  o f  an expression 
f o r  the conductor l o s s  der ived by Pucel e t  a l .  C24 j  
where Rs i s  t h e  sur face c o n d u c t i v i t y ,  g iven by 
i n  which po i s  t h e  pe rmeab i l i t y  o f  f r e e  space, and o i s  t h e  m a t e r i a l  con- 
d u c t i v i t y .  The o ther  va r i ab les  i n  (8-2.7)  a r e  def ined i n  F igu re  8.1.1. 
The func t i on  F(h,w,t) i s  g iven i n  Ref. f24]. 
For the two types of switching units we find 
and 
a,(SUB) = 1 . 9 ~  1 0 " ~  fi dtl/cm 
where f i s  GHz. Consequently, fo r  the distances involved i n  SUA (1.5 em) 
and SUB ( 4  crn) , bo th  have about the same ohmic los s ,  To estimate the ef- 
f ec t  on the pulse width, we compare the losses a t  2 GWz and 14 GHz which 
are  about the 3 db frequencies af the phcllocurrent pulse and of the 
oscilloscape, respectively (see Section 8.1 ).  In a switching unit  of type 
SUB the ohmic loss  a f t e r  1 ,5  cm i s  1.8% a t  2 GHz and 4.7% a t  84 GHz. In 
a switching uni t  of type SUB the ohmic loss a f t e r  4 cm i s  2.4% a t  2 GHn 
and 6.3% a t  14 GHz. These differences a re  small, and therefore pulse 
broadening due to  ohmic losses will be neglected. 
Another source of losses i s  the d i e l ec t r i c  substrate.  This loss i s  
given by [ 2 5 @ , [ 2 6 ]  
E - 1  
E e f f  
5.i = 27.3 ----- --- --- E - 1 tan ' dB/crn JEeff ho 
in which ho i s  the wavelength in f ree  space, and tan 6 i s  the loss factor 
of the d ie lec t r ic .  A t  low frequencies the d ie l ec t r i c  loss i s  estimated to  
be 1 0-5 dB/cm for  SUA and 4 x 1 om3 dB/cm fo r  SUB, so tha t  i t  can be 
CT neglected i n  comparison to  the ohmic loss (note tha t  tan 6 = a ho, so 
tha t  ad depends on frequency through E only). 
8.3 The E f f e c t  o f  the RC Time o f  the Gap i n  the M ic ros t r i p  on the 
Observed Impulse 
The ohaic resistance and the capac i t ive  coupl ing across the gap 
i n  the m ic ros t r i p  l i n e  l i m i t  the response r i s e  time o f  the swi tching 
u n i t  (see Section 7.2), and thus may a f f e c t  the observed cur ren t  i m -  
pulse. I n  t h i s  sect ion we inves t iga te  the e f f e c t  o f  t h i s  RC time on 
the e l e c t r i c  c i r c u i t  response, so as t o  enable us t o  deduce the actual 
photoconductive impulse response of the  studied Cr:GaAs sample. 
The gaps used i n  our experiment have widths of 80, 100, and 400pm 
and are thus much shorter  than the voltage wavelengths involved. Therefore, 
they are considered as d i scon t i nu i t i es  ra ther  than gu id ing sections o f  
the transmission l i n e .  The gap capacitance depends on the gap wid th  and 
length, and on the d i e l e c t r i c  constant L27-j-[29], I t s  value i s  found t o  
be 1271 %0.02 p f  f o r  the 900 pm gaps and %0,005 p f  f o r  the 400 pm gap. 
The response o f  the m ic ros t r i p  t o  a cur rent  impulse o r i g i n a t i n g  a t  
the gap, as i s  the case i n  our experiment, cannot be t r i v i a l l y  found by 
mu1 t i p l y i n g  the gap resistance by i t s  capacitance. Instead, a c i r c u i t  
equivalent  t o  the m-icrostr ip segment i n  the immediate v i c i n i t y  o f  the 
gap w i l l  be introduced and i t s  response t o  a t ime vary ing conductance 
w i l l  be analyzed, Let  us f i r s t  consider an idea l  transmission l i n e  w i t h  
an ideal  switch, as shown i n  Fjgure 8.3,1. As long as the swi tch i s  open, 
the 1 i ne  preceding i t  i s  charged up t o  the appl ied dc voltage, Vo. When 
the  switch i s  closed, the l i n e  i s  discharged and voltage wave f ron ts  
s t a r t  t r a v e l i n g  i n  the two opposite d i rec t ions .  Denote the vol  tage next 
t o  the swi tch on i t s  two respect ive sides as V, and V - (see Figure 8.3.lb), 
( a )  
Fiq, 8.3.1 An i d e a l  t ransmiss ion l i n e  w i t h  an open (a )  and c losed ( b )  
swi tch,  I t s  equ iva len t  c i  r e u i  t i s  shown i n  ( c f  . 
Fi  q .  8 ,3 ,2  An equ iva len t  c i  rcuit o f  the  sap i n  the  conduct ive s t r i p  
o f  the sw i t ch inq  u n i t  when o n l y  i t s  ohmic res i s tance  i s  
considered. 
then imnediately a f t e r  the ideal switch i s  closed Vo + V = V,, o r  
The resulting current i s  equal on both sides o f  the switch, i .e . ,  
so tha t ,  by using I, = V,/Zo and I - = -V  - /Zo [30], where Zo i s  the trans- 
mission 1 i ne characteris t i c  impedance 
I f  the transmission l ine  i s  t n f in i t e ,  o r  i f  i t  i s  properly terminated on 
both s ides ,  this  current will flow through the ideal switch forever. The 
same current will  flow for  the same applied dc voltage i n  a c i r cu i t  with 
a se r ies  resistance RZ = 2Z0, shown i n  Figure 8.3.1~.  
We now wish to replace the ideal switch by an element which i s  
equivalent to  the gap in the microstrip, I f  one simply assumes tha t  a l l  
the current flows through the semi-insulator, then the equivalent element 
is a variable res i s tor ,  Rs( t ) ,  and the equivalent c i r c u i t  is as shown in 
Figure 8.3.2. The current i s  then given by 
However, t h i s  equi val ent ci rcui t i ynores the capacitive coup1 i ng across 






















































































































































































































































F i q .  8.3.3 The equ iva len t  circuit  o f  the gap i n  t he  
conduct ive s t r i p  o f  the swi tch ing  u n i t ,  
when both i t s  ohmic res is tance and capacitance 
coup1 i n g  are considered, 
(8.3.8d) and (8.3.8.f) w i t h  respect  t o  t ( t  2 01,  and e l i m i n a t j n g  
dVc/dt from the  two equat ions gives 
where we used il = dQ/dt. Substituting ii as given by (8.3.7) gives a 
general d i  f f e r e n t i a l  equat ion f o r  i2: 
To so l ve  (8.3.9), an a n a l y t i c  expression o f  R S ( t )  i s  requi red.  Since the  
observed impulse response i n  F igure  7.4, l a  has a r i s e  t ime comparable t o  
xhat o f  the osc i  l loscope, and i t s  decay is close t o  an exponent ia l ,  we 
chose a s imple model o f  a s tep  exponent ia l  decay f o r  the  c o n d u c t i v i t y  o f  
t i le  g a p ,  i .e. , 
T 
which def ines oo, al, and re. This model w i l l  be discussed a t  the end 
- 1 
o f  t h i s  chapter. Since oo l o - *  mho-cm-' and ol = 5 mho-cm , so t h a t  
-t/rc 
1 >> o as long as t < 20 .rc, we may approximate Rs ( t )  by 0 
where R = %/alA. 
0 
Here, R i s  the  gap l e n g t h  and A i s  t he  cross sec- 
t i o n a l  area near  the sur face o f  t h e  semf- insulator ,  through wh.ich the  
photocurrent flows, Substituting (8,3.11) in  (8.3,9) gives 
This equaticn i s  solved in Appendix A. From equations (A.13) and (8.3.7), 
the 1 ine current i s  found to  be 
where r ( n , x )  i s  the incomplete I' function defined by: 
The response of the microstrip l ine  t o  the exponential decay photoconduc- 
t ive impulse response i s  shown in Fl glare 8.4. lb.  More de ta i l s  regarding t h i s  
figure wi 11 be given in t h e  next sec t i  an. 
The gap resistance i rnmedl" ately a f t e r  i 11 umi nation ciln be deter- 
mined from the inaxinurn l ine  current, (Ie)max. In Appendix !\ i t  i s  shown 
that  
where tml i s  defined by 
Note that  the maximum l ine  current found Prom (8.3.59, where no capacitive 
coupling across ttte gap i s  assumed, i s  approximately equal t o  (8.3.15) when 
tm, << T 
@ * 
8.4 The Photoconductive Impulse Response o f  the Cr: GaAs Sampl PS 
The impulse observed on the osci lloscope screen i s  the resul t  of 
the convolution of the Sine current and the oscilloscope impulse response. 
By performing th is  convolution analytically,  vde can f i t  the calculated 
impulse to  the displayed one, and then determine the photoconductivity 
f a l l  time, T ~ ,  and the nir~irnum gap resistance, Ro. 
The impulse response of the oscilloscope i s  a Gaussian (see Rppen- 
elix 6 ) .  I t  cannot be analytically convolved wi t h  the exact form fo r  
the l ine  currcr\l as given by (8.3.13). However, the l ine  current can be 
approximated by a step exponenti a1 decay 
where and tml are defined in (8.3.15) and (8.3.16), at~d rQ i s  de- 
fined oy 
This approximation i s  excellent fo r  t 2 tml for  the typical values of 
Ro i n  our experiment (% 30003). A t  t = 0 the exponential approximation i s  
somewhat larger than (by about 12%). This wil l  be compensated 

Fig. 8.4.1 Fi t t ing the Cr:GaAs photoconductive impulse response t o  
the experimenta 1 observations. An exponential decay phots- 
conductivity (8.3.16) w i t h  decay time of 67 psec i s  shown 
in ( a ) .  The resulting photocurrent pulse (8.3.13) i s  de- 
picted in ( b ) .  The dotted l i n e  i s  the exponential approx- 
inlation (8.4.1) with -rQ = 70 psec. The curve i n  ( c )  i s  
the calculated oscil  loscope response (8.4.3). The left-hand 
vertical  scales a re  normalized, while the right-hand scales 
depend on sample illumination level.  Qo i s  the applied dc 
voltage, VL i s  the l i n e  voltage, and VOSC i s  the osci l lo-  
scope displayed voltage. 
for  by the oscilloscope f i  1 t e r  response. The convolution of the s tep  ex- 
ponential decay of the l ine  current (8-4.1) with the Gaussian impulse 
response resul ts  i n  
where a i s  the standard deviation o f  the Gaussian, and i s  related to  the 
oscilloscope r i s e  time, Tr, by (see Appendix B )  
We will refer to  (8.4.3) as the calculated oscilloscope display. 
By f i t t i n g  (8.4.3) to the observed impulse shown i n  Figure 7.4.1a 
the photoconductive iinpulse response o f  Cr:GaAs can be found. The com- 
putation was performed numerical cly. The parameters used in the calcula- 
tions are: 
T~ (1/e decay time of the observed impulse) = 75 psec 
C (gap capacitance) = 0.02 pf 
R, (= 22,) - loon 
RL (load resistance) = 509 
Tr  (oscilloscope r i se  time) = 25 psec 
To (observed transmission) = 1.2% 
where the transniissisn i s  defined as the r a t io  between the amplitude of 
the observed switched voltage and the applied dc voltage, Vo. 
The best f i t t e d  photoconductive impulse response of our Cr:GaAs 
samples, assumed t o  follow a step exponential decay as in equation 
(8.3.10), i s  shown in Figure 8.4. l a ,  The 1 /e f a l l  time i s  6 7  psec. The 
photocurrent pulse which i s  generated as a resul t  of such a variation 
in the gap conductivity i s  described analyt ical ly  by equation (8.3.13), 
and graphically by the so l id  1-ine in  F-igure 8.4.lb. The dotted l ine  in 
th is  figure i s  the exponential appinoximalion (8.4.1) of the actual current 
impulse (8.3.131. I t s  l / e  f a l l  tinie i s  rp = 70 psec. Finally, the cal- 
culated osci lloscspe display (8.4.3) i s  shown i n  Figure 8.4. lc .  This 
curve f i t s  well the observed impulse response of Figure 7.4. la .  Note that 
while the left-hand vertical  scales in  Figure 8.4.1 are normalized, the 
right-hand scales ,  which are typical t o  our experiment, depend on the 
sar~iple i 11 umi nation level. 
8. - - stance from Bulk Conducti vi ty 
The conductivity of the gap can be estimated frotri the well known 
formula 
o = elln ( n  + p / b )  
where 
o i s  the bulk conductivity 
= the electrons ' mobi 1 i ty 
b - vn/up9 where ~i i s  the holes' mobility 
P 
n , p  = the respective electron and hole density 
Generally, the conduction i n  @r:GaAs i s  mixed [32] and p + n ,  h u t  irnme- 
diately a f t e r  the picosecond pulse we may assume tha t  
- - n = \ - p o  
so  t h a t  
1 - = epn( l  + b)n 
The i n i t i a l  c a r r i e r  dens i ty  can be est imated by 
where 
E: = energy conta ined i n  an opt ica ' l  pu lse  
hv = photon energy 
w = sma l l e r  between the s t r i p  w id th  and the diameter o f  l i g h t  spot  
R = gap length  (2 w) 
1 - a = absorp t ion  l eng th  
= f r a c t i o n  o f  pu lse  photons which generates c a r r i e r s  (account- 
i n g  f o r  r e f l e c t i o n  and o t h e r  losses)  
Clhen (8.5-4) i s  subs . t i lu ted  i n  (8.5.7 3 ,  the  conduct iv i  ty becomes 
The res is tance o f  the h igh  conduct ive l aye r ,  the thickness o f  which i s  
l l a ,  i s  given by 
8 Typ ica l  values t o  use i n  (8.5.7) are rl $ = 110 photons/pulse, 
2 
pn = 3000 cm /V-sec, b = 7 8 (see Sect ion 9.4) , and R = 0.01 cm. The 
gap minimum res is tance i s  then est imated t o  be 
which i s  i n  good agreement w i t h  the experiment (see Sect ion 8.4). 
8.6 Conclusion 
We have seen t h a t  the  observed impulse response i s  n a t  s i g n i f i -  
c a n t l y  a f f e c t e d  by r e f l e c t i o n s  a t  impedance d i s c o n t i n u i t i e s  which might 
appear a t  t he  corlnections between var ious components o f  the  c i r c u i t ,  o r  
by d i spe rs ion  i n  the m i c r s s t r i p .  Based on the osc i l l oscope  d isp lay ,  we 
assumed a s imple model o f  exponent ia l  decay f o r  t he  photoconduct ive i m -  
pu lse  response o f  Cr:GaAs. I t  overlooks the complexi ty  t h a t  might  be 
i nvo l ved  i n  the decay o f  excess c a r r i e r s  i n  t h i s  ma te r i a l ,  a sub jec t  d i s -  
cussed i n  Chapter 9. However, i t  f i t s  the  experimental  r e s u l t s  w e l l ,  
when the response o f  t he  t ransmiss ion l i n e  and o f  t he  osc i l l oscope  are  
taken i n t o  account, 
The f a l l  tirne o f  t he  pho toconduc t i v i t y  i s  found t o  be 67 -t- 10 psec. 
This value w i  11 be used i n  the fo l fs~vs 'ng  ana lys is  o f  t r a n s i e n t  photocsn- 
duc t i  v i  ty i n  C r :  GaAs . 
Appendix A 
The d i f f e r e n t i a l  equat ion (8.3.12) i s  so lved here  [31]. The 
equat ion i s  
Def ine 
and s = t / ~ .  Then (A.1) becomes 
The complementary Funct ion ( t h e  s o l  u t i  on o f  t he  homogeneous equat ion)  
i s  
fk, = D exp(-as + be-') 04.4) 
where D = const, and the p a r t i c u l a r  s o l u t i o n  i s  
S o  
S u b s t i t u t i n g  
i n  the  i n t e g r a l  gives 
Using the d e f i n i t i o n  o f  t he  incomplete gamma func t i on  [33a], 
the  p a r t i c u l a r  s o l u t i o n  becorries 
To determine the constants i n  (A.4)  and ( R . 7 ) ,  we use t h e  i n i t i a l  con- 
d i  t i o n  
The general s o l u t i o n  i s  then found t o  be 
Using the  no rma l i za t i on  o f  (8.2) i n  equat ion (8.3.6) o f  the t e x t ,  
which leads t o  the f o l l o w i n g  express i o n  f o r  the t o t a l  cur ren t :  
(A. 12) 
S u b s t i t u t i n g  the normal iza t ion  o f  (A .2 )  i n  (A. 13)  gives equat ion 
(8.3.13) o f  the tex t .  
To f i n d  the maximum o f  the t o t a l  cu r ren t  we d i f f e r e n t i a t e  (A.13) 
w i t h  respect  t o  s, and equate i t  t o  zero. This leads t o  
where we used 
(A. 9 5 )  
and sm i s  de f i ned  by 
= 'Iylax (A. 9 6 )  
When (A.14) i s  s u b s t i t u t e d  i n  (A.931, and us ing  the  d e f i n i t i o n  o f  g and 
b as i n  (A.2), the maximum t o t a l  cu r ren t  i s  found t o  be 
(A. 7 7 )  
Appcndi x - H 
The response of an osci lloscope .to an input signal can be descri hed 
in terms of response of a f i l t e r .  The response to  a 6-filnctisn signal i s  
called the "impulse response," and wi 11 be denoted here by f 6 ( t ) .  The 
response to  a s tep  function i s  called the "step response," and will be 
denoted fs ( t ) .  
The response of the f i l t e r  to  a general signal x ( t )  i s  given by 
i t s  convolution with the iinpulse response [6 l ]  
03 
Y ( t )  = 1 f 6 ( t - t ' )  x ( t t )  d t l  
-00 
I t  i s  common to approxi mate the response of the sampling oscilloscope by a 
Gaussian f i l t e r  [34], i , e . ,  
To t e s t  this  approximation, we compare the s tep  response of th is  f i l t e r  to  
the osci lloscope display o f  an approximated s tep  function current with r i se  
time shorter  than 25 ps, generated by the Tektronix S-52 pulse generator. 
The s tep response i s  easi ly  found to be 
and it i s  plotted in  Figure B,1. Tire response of the oscilloscope i s  shown 
in Figure B.2, 
The s tep response r i se  time i s  defined by 
F ig ,  B . 1  Step response o f  a Gaussian f i l t e r ,  
Fig .  6.2 The response of  the oscil loscope (Tektronix 7904/3S11-7T11 
w i t h  5-4 sampling head) t o  an approximate step function current 
(generated by Yektronix S-52 pulse generator). 
which gives 
Assume now a s i g n a l  
When (B.G) i s  s u b s t i t i r t e d  i n  ( U . 4 ) ,  the response o f  t he  osc i l l oscope  i s  
found t o  be 
1 a2 t l t o  Y ( t )  = 2 exp(----)[ l+ erf(----(;-.$)] 
2r2 VY 
Not ice  t h a t  s ince  we chose the  Gaussian maximum t o  be a t  t = 0, t h e  r e -  
sponse Y ( t )  i s  nonzero f o r  t < 0 i n  s p i t e  o f  (B.6) ,  There i s  no cont ra-  
d i c t i a n  s ince  we ignore  the de lay  i n  the osc i l l oscope  l i n e s .  The response 
ampli tude i s  n o t  u n i t y ,  as i s  the  ampl i tude o f  t he  s igna l .  I t  i s  g iven by 
9 
where 
and zm i s  t he  r o b t  o f  t he  equat ion. 
Equation ( B . l O )  can be r e w r i t t e n  as 
This form o f  t h e  equat ion i s  very  h e l p f u l  i n  es t ima t ing  zm, and thcre-  
f o r e  Ymax. Not o n l y  i s  t h e  l e f t  s i d e  p l o t t e d  i n  t h e  l i t e r a t u r e  [33b], 
b u t  i t  can a l s o  be est imated f rom the  i n e q u a l i t y  [33c]  
or ,  from (B.11): 
where A ( z )  and B(z) a r e  def ined,  and 
Est imdt ion  o f  zm can now be done by c a l c u l a t i n g  (0.13) i t e r a t i v e l y ,  i .e., 
s t a r t i n g  w i t h  zl= 
Example: r = 70 ps (see F igu re  8.4.1), o = 9.73 ps ( i .e. ,  Tr = 25 ps), 
then in t h e  f i r s t  s tep  
2 
Z1 e = K = 2 . 8 7  
so t h a t  
z1 = 1.03 
The second s tep i s  
2 
eZ2 = K + 0.21 
( B .  17) 
so t h a t  
and from (0 .9 )  and (8.8) we f i n d  
(B. 20) 
Mote: A Gaussian func t i on  has been used t o  descr ibe the  osc i l l oscope  i m -  
pulse response, i n  s p i t e  o f  t he  s l i g h t  discrepancy between t h e  ca l cu la ted  
(F igure  B. 1 ) and observed (F igure  8.2) osc i l l oscope  s tep response. I t  i s  
impossib le t o  deduce the  exact  osc i l l oscope  s tep response f rom F igure  B.2. 
There i s  no o t h e r  mean t o  t e s t  t h e  Tekt ron ix  9-52 pulse generator,  bu t  t he  
sarnpl i ng ose i 1 1 oscope we use, so t h a t  i t i s  n o t  known whether the  bump i n  
Figure 0.2 i s  i n  the  generated pulse o r  i s  due t o  t h e  osc i l l oscope  response 
I n  any event, i f  i t  had a f f e c t e d  t h e  experimental r e s u l t s  a t  a1 1, i t  would 
n o t  have been by more than several  percent,  as seen by comparing the  tem- 
poral  and ampl i tude behavior o f  F igure  B.1 t o  those o f  F igure  7.4.1. This 
e r r o r  i s  i n s i g n i f i c a n t  i n  view o f  t h e  t o t a l  experimental e r r o r  ( 2  15%) and 
the  i n t e r p r e t a t i o n  o f  t he  experimental r e s u l t s  discussed i n  Chapter  9. 
Chapter 9 
PHOTOCARRIER LIFETIME IN Cr:GaAs 
9.0 Introduction 
In the previous chapters, expel-imental resul ts  of Cr:GaAs photo- 
conductive response to  picosecond pulse illumination were presented and 
analyzed. I t  was concluded tha t  following the photoexcitation, the con- 
ductivity decayed nearly exponentially with l / e  f a l l  time of % 67 psec. 
This indicates photocarrier l i fe t ime much shorter than tha t  of undoped 
GaAs ( 2  1 ns) and of Cr:GaAs when measured under d i f fe rent  experimental 
conditions (250 psec [53] to  0.1 psec &59]). In t h i s  chapter photocar- 
r i e r  l ifetime in Cr:GaAs will be theor*etically investigated, based on 
physical and chemical properties of the material. These properties wi 11 
be summarized from the abundance of l i t e r a t u r e  published on t h i s  matter. 
Bulk recombination through deep flaws will be discussed. I t  will be 
shown to  be an effect ive I ifetirne reduction mechanism i n  Cr:GaAs, 
a1 though, in contrast  t o  proposi t ions by previous i nvestigatnrs 941, not 
solely responsible for  our observed u1 t r a f a s t  photoconductive decay time. 
A model which considers the comblned ef fec t  of bulk and surface reeom- 
bination will be shown to be capable of interpreting our experimental 
resul ts .  
9-1 Material Growth -
In general, Cr:GaAs samples were purchased from Crystal Special - 
t i e s ,  Inc. [lob 1, One sample from another source [l l ]  was also 
studied, b u t  as the resul ts  were similar to  the other samples, i t  was not 
f u r t h e r  i nves t i ga ted .  The i nforrnat ion i n  t h i s  sec t i on  i s  thus re1  ated 
d i r e c t l y  t o  t he  ma te r ia l  purchased f r o m  Crj/st.al Speci a1 t i es, Inc .  
The c r y s t a l s  were grown by t h e  hs r i  zontal  B r i  dgeman technique. 
t l i  gh r e s i s t i v i t y  was achieved by compensation; chromi urn, as a deep ac- 
ceptor ,  was added t o  the m e l t  t o  compensate res idua l  shal loid donors. 
The major source o f  these donors was S i  contaminat ion f rom the  qua r t z  
boat  and growth ampule. A t  h i gh  temperatures (1250°C) qua r t z  breaks 
down according t o  
As S i O  i s  v o l a t i l e ,  i t  even tua l l y  f i n d s  i t s e l f  i n  the  GaAs mel t ,  thus 
producing S i  contaminat i  on. The O2 reac ts  w i t h  the Ga t o  form Ga203, 
which i s  a l s o  v o l a t i l e  and t ranspor ts  t,o t h e  cool p a r t  o f  t he  growth 
aiiipule. By r a i s i n g  the temperature above 1000°C, the  GapOg d issoc ia tes ,  
supp ly ing  O2 t o  reverse the reac t i on  
and, as a r e s u l t ,  the S i  presence i s  reduced. The S i  concent ra t ion  ob- 
t a i n e d  was about 1015 cmB3. A1thougl-1 t h i s  was a l so  the  concentrat ion 
o f  chromi um needed f o r  compensati on, cor~cent ra t ions  o f  about 1 0 ' ~ - 1 0  
17 
8 g 
cme3 were used. A t  t h i s  doping l e v e l  t h e  r e s i s t i v i t y  i s  10 -10 Q-cm. 
9.2 Irnpuri ty  - Concentrat ion -, i n  C r :  GaAs and i t s  Energy Levels 
The i m p u r i t i e s  and tlsei r concentrat ions i n  C r :  GaAs c r y s t a l s  depend 
s t r o n g l y  on growing cond i t ions .  Not on l y  do they vary from growth t o  
growth, b u t  they are a lso  d i s t r i b u t e d  taon-unifsrm$ly w i t h i n  the  volume o f  
t h e  i n g o t  [35]. I t  i s ,  there fore ,  n o t  s u r p r i s i n g  t h a t  irnpuri ty concen- 
t r a t i  ons repo r ted  by d i f f e r e n t  i n v e s t i g a t o r s  f o r  " s i m i l a r "  growti? condi - 
t i o n s  are n o t  the sams b u t  fa17 \ t i  t h i n  a wide ran,;?i. The spread o f  t h i s  
range can be seen i n  F igure  9.2.1, where pub l ished data o f  i n p u r i t y  
concentrat ions measured by mass spectroscopy are  compi l e d  i n  a  histogram. 
This non-uni formi  t y  o f  irnpuri ti es and t h e i  r" concentrat ions i s  consis t e n t  
w i t h  t h e  wide range o f  r e s u l t s  o f  e l e c t r o n i c  and pho toe lec t ron i c  measure- 
ments performed on Cr:GaAs ( [36]-[38], and alany o the rs ) .  
The s o l u b i l i t y  o f  Cr i n  GaAs i s  r e l a t i v e l y  low, 10" atoms/ce 3 
(h ighe r  concentrat ions p r e e i p i  t a t c  [39]); i t  i s  impossib le t o  increase 
i t s  concent ra t ion  much above t h a t  shown i n  F igure  9.2.1, The C r  atoms 
are found a t  t he  Ca s i t e s  E39-j. I n  n-t,ype the re  are  cr2' ions  w i t h  e lec-  
4 t r o n i c  c o n f i g u r a t i o n  3d . The c r y s t a l  f i e l d  s p l i t s  i t s  'D term i n t o  two 
5 5 leve ls ,  an upper E and a lower T2. The lower one l i e s  i n  t he  energy gap. 
I n  p type, i n  add i t i on ,  there  are  n e u t r a l  cr3' acceptors w i t h  e l e c t r o n i c  
3  c o n f i g u r a t i o n  3d . A te t ragona l  c r y s t a l  f i e l d  s p l i t s  the 4~ term o f  the 
4 f r e e  i o n  i n t o  th ree  l eve l s :  4 ~ 1 ,  4 ~ 2 ,  and A2. The lowest,  i .e., the 
4 ~ . ,  l e v e l ,  i s  i n  t he  energy gap [46,50]. 
The impur i  ty energy l e v e l s  have been a  s u b j e c t  o f  severa l  i nves ti- 
g a t i  ons. They have been genera l l y  deduced from spect ra  o f  absorpt ion,  
photoluminiscence, and photoconduct i  v i  ty. The exac t  i d e n t i f i c a t i o n  o f  
some o f  the  l e v e l s  and t h e i r  l o c a t i o n  are s t i l l  d isputed. The impor tan t  
conlrnon fea tu re  i s  the deep l e v e l s  associated w i t h  chromium and oxygen. * 
- * 
The i d e n t i f i c a t i o n  o f  one o f  t h e  deep irnpuri t y  l e v e l s  as oxygen i s  com- 
mon, b u t  as y e t  no t  e n t i r e l y  conclus ive [42]. 
F i q .  9 .2 .1  A h is togram o f  i m p u r i t y  concen t ra t i ons ,  meastired by 
mass spect roscopy.  Curves (1)  and ( 2 )  a r e  f rom Ref.  
[37] For  1  ow and h i g h  C r  c o n c e n t r a t i o n  samples, 
r e s p e c t i v e l y .  Curve ( 3 )  i s  f rom [ 3 8 ] ,  and ( 4 )  i s  
f r om  f361,  
The closeness of the concentration and energy levels of oxygen and Cr im- 
puri t ies  must be taken into account in any analysis before identifying 
any phenomenon with only one o f  ths two impurities. This i s  t rue i n  
steady s t a t e  pkotoel ectronic measure~ients [36], as we11 as in transient 
photoconductivity, which i s  the subject of the present investigation. 
Two of the energy level diagrams whicl.1 have been suggested are 
shown in  Figure 9.2.2.  Look [40] suggested the diagram of Figure 
9-2 .26  for  the deep levels in Cr:GaAs. Other impurities a re  considered 
to be shallow, a1 though Cu i s  associated w'i th relat ively deep levels a t  
0.24 eV and 0.51 eV above the valence band, as well as two other shallower 
levels [41]. Lindquist [38] suggested the diagram in Figure 9.2.2b. 
He suggested these four levels as a model t o  explain some bulk e lec t r ica l  
properties. 
9 .3  The Fermi Level and the Predicted Res-istivi ty o f  Cr:GaAs 
Knowledge of the exact location of the Fermi level i s  required 
i f  e lectronic  properties are t o  be calculated from an energy diagram. 
Cr: GaAs i s  a compensated semi conductor, c onsequen t l y ,  the Fermi level 
i s  expected to  be in the vicinity o f  the center o f  the energy gap. A t  
room temperature, the gap energy i s  E g  - 1.43 eV and kT = 0.026 eV, so 
that  
I t  i s ,  therefore,  possible to  express the total  electron density in the 
conduction band and the total  hole density in the valence band a t  
Cr- 5E(excit) 
t
F S q .  9.2.2 Deep imyuri ty  energy level diaqrarns o f  @r:GaAs a t  room temperature: 
( a )  Ref,  [40], ( 5 )  Ref,[38]. The energy units are eV. 
thermal equi 1  i b r i  urn by [43a] 
where E c ,  E v *  and E f  are t h e  energies o f  t he  bottom o f  the  conduct ion 
band, the top  o f  the valence band, and the Fcrrni l e v e l ,  r espec t i ve l y .  
f'lc and Nv  a re  t h e  e f f e c t i v e  d e n s i t i e s  o f  s t a t e s  a t  t he  proper  bands, 
g i  ven by 
i n  w h i c h  m and rn are t h e  e f f e c t i v e  masses o f  e lec t rons  and holes, re- e  h 
spec t i ve l y .  Using me = 0.07 mo and rnh = 0.5 mo [39], where rno i s  t h e  
f r e e  e l e c t r o n  mass, we f i n d  a t  room tensperature 
To f i n d  the Fermi l e v e l  , one s o l  ves , -in p r i  ne?ple,  the charge 
n e u t r a l i t y  equat ion  
where N -  and N' are the  i o n i z e d  acceptors and donors, respect ive ly ,  
j a  j d  
present i n  t he  mater ia l .  A cons idera t ion  o f  a l l  the i o n i z e d  i m p u r i t i e s  
would make a s o l u t i o n  i n t r a c t a b l e .  Zucca [37] suggested cons ide r i ng  
o n l y  one deep donor and one deep accep to r  t o  i n t e r p r e t  exper imenta l  
da ta  o f  e l e c t r o n i c  measuremei~ts. Th i s  asstimption simp1 i f i e s  the s o l u -  
t i o n  o f  (9.3.8), and w i  17 be used here  t o  c a l c u l a t e  t h e  erreryy o f  the 
Fernli l e v e l .  A f u r t h e r  s i m p l i f i c a t i o n  o f  (9.3.8) i s  ob ta i ned  when no 
and po are  neg lec ted .  To j u s t i f y  t h i s  step, we g e t  an es t ima te  o f  no 
and p by assuming t h a t  the  Fermi l e v e l  l i e s  a t  t h e  c e n t e r  o f  the  gap, 
0 
then f rom (9.3.2) and (9 .3 .3) ,  a t  T = 3U0°K 
The concent ra t ions  o f  t h e  i m p u r i t i e s  were g iven  i n  t he  p rev ious  sec t i on .  
They a re  o f  the  o r d e r  o f  magnitude o f  1016 c m 3  Most of them a r e  
i on i zed ,  and t h e r e f o r e  
and ( 9 . 3 , 8 )  becomes 
I t  can be r e w r i t t e n  e x p l i c i t l y  as 
where ga and gd a re  t h e  degeneracies,  and Ea and Ed a re  t h e  energies o f  
t h e  accep to r  and t h e  donor l e v e l s ,  r e s p e c t i v e l y .  S o l v i n g  (9.3.13) g ives 
where 
We may use t h i s  model and the energy l e v e l  diagrams t o  o b t a i n  an 
order  o f  magnitude est imate o f  t h e  Fermi l e v e l ,  no, p,, and p .  Using, 
f o r  instance, t h e  diagram o f  F igure  9.2.21, and Na/Nd = 0.59 [38], we 
6 - 3  f i n d  Ef  = 0.74 eV, no = 1.5 x 10 cm , po 
6 - 3  = 3.5 x 10 cm . When we 
2 take kin = 3000 cm / V  sec and b = un/pp = 18 (see Sect ion 9.41, the r e s i s -  
9 
t i v i t y  i s  c a l c u l a t e d  from pi1 = ep, (no+po/b) t o  be 1 . 2 ~ 1 0  fi-cm. I n  
t h i s  example, the conduct ion i s  mixed, al though due t o  t h e  l a r g e  m o b i l i t y  
r a t i o ,  the m a t e r i a l  i s a n n - t y p e .  The Fern~i  l e v e l  i s  c lose  t o  mid-gap, 
cons i s ten t  w i t h  the  assumption which l e d  t o  (9.3.9) and (9.3,10). 
9.4 E lec t ron  and Hole M o b i l i t i e s  i n  Cr:GaAs 
A c o r r e c t  value o f  the c a r r i e r  m s b i l i  ty i s  requ i red  if excess c a r r i e r  
1 i fet ime i s  t o  be ca'lcul a ted  f rom photocanduc l iv i  ty measurements. The conduc- 
ti v i  t y  mobi 1 i ty i s  defined by u = a/ne, where a i s  the  conduc t i v i t y ,  n i s  
the m a j o r i t y  c a r r i e r  dens i ty ,  and e i s  the e l e c t r o n  charge. It can be 
ca l cu la ted  from H a l l  e f f e c t  measurements; however, i t  should n o t  be con- 
fused w i t h  t h e  H a l l  m o b i l i t y  which i s  a parameter w i t h  the same dimensions. 
The r a t i o  between the c o n d u c t i v i t y  and the Hal1 m o b i l i t i e s ,  which depends 
on the  mechanism o f  s c a t t e r i n g  and on the degree o f  degeneracy, var ies  
between one-ha1 f and u n i t y  [44a], 
The conductivity of Cr:GaAs i s  mixed [32], and therefore Hall  e f -  
fec t  ~neasurements are not suf f ic ien t  t o  solve for  vn and pD. Magneto- 
res istance measurement supplies the complerncntarj/ information. This e f -  
fect i s  based on the lowering of the conductivity along the sample axis 
due to  the deflection of the charge carr iers  by the magnetic f ie ld .  
Fol lowing these consi deratf ons, Phi ladelpheus and Euthy~jou [45] measured 
the Ha1 1 and the magnetoresistance ef fec t  in one n-type and s i x  p-type 
samples and calculated the i r  ca r r i e r  mobility. The calculated values 
were close t o  each other and the i r  average was 
t-i 
= 3030 + 342 cm2/\ sec 
and 
The electron mobility i s  thus lower t h a n  in low res i s t iv i ty  GaAs where 
I" n = 8600 cm2/v sec and b = 21 [46]. A s imilar  phenomenon i s  found in  
high r e s i s t iv i ty  gold doped s i l icon  [473. The low mobility i s  related 
to  the weakening of the screening of the ionized impurities which are 
the most important scat ter ing centers fo r  electrons. 
Based on (9.4.1) and (9.4.2), the electron mobility and the mobil- 
i t y  r a t io  used in the following sections will be: 
2 
n = 3000 crn / V  sec 
Having in t roduced cllromium doped GaAs and i t s  p rope r t i es ,  now 
t u r n  t o  deal w i t h  the main s u b j e c t  o f  t h i s  chapter, the r e t u r n  o f  c a r r i e r  
densi t y  t o  equi  'l . i b r i  um foll low i  ng an exc-i t a t i i l n  by picosecond o p t i c a l  
pulses.  
9.5 C a r r i e r  Densi ty  Return t o  E q u i l i b r i u m  
I n  an unperturbed semiconductor, the c a r r i e r  concentrat ions are  i n  
a s t a t e  o f  equ i l i b r i um.  I f  d is tu rbed,  they w i l l  a t tempt  t o  r e t u r n  t o  
t l r i s  s t a t e  through generat ion o f  new c a r r i e r s  o r  by recombinat ion o f  the 
excess ones. 
When a  ser~~ iconductor  i s  i l l u m i n a t e d  by r a d i a t i o n  w i t h  photon energy 
h ighe r  than the  energy gap, the niain generat ion process i s  t h a t  o f  
e lec t ron -ho le  e x c i t a t i o n .  The c o n t r i b u t i o n  t o  the conduct i  v i  t y  by o the r  
processes which ni iyht take place, such as e x c i t a t i o n  from i m p u r i t i e s ,  o r  
Auger generat ion, i s  smal ler .  
The recombinat ion process i s  f a r  more complex. There are several  
paths o f  recombination, and an e lec t ron -ho le  p a i r  has some p r o b a b i l i t y  
t o  proceed a long any one o f  them. The s imp les t  path i s  the band t o  band 
recombinat ion: An e l e c t r o n  Promthe conduct ion band f i l l s  a ho le  i n  t h e  
valence band. In a d i r e c t  t r a n s i t i o n ,  bo th  e l e c t r o n a n d h o l e  have the  same 
momentum. I n  an i n d i r e c t  t r a n s i t i o n  they do no t ,  and a  phonan i s  absorbed 
o r  em i t t ed  t o  make up f o r  the t-oomentum d i f f e rence .  I f  a photon i s  
em i t t ed  i n  t h i s  process, i t - i i s  c a l l e d  a  "rad-i a t i v e  t rans i t i o t? . "  Rad ia t ive  
t r a n s i t i o n s  i n  GaAs are more probable than non rad ia t i ve  t rans?  t ions .  I n  
a n o n r a d i a t i  ve t r a n s i t i o n  t h e  energy o f  the e lec t ron -ho le  p a i r  can be 
d i ss ipa ted  as phonons o r  can be given t o  a  t h i r d  c a r r i e r .  The l a t e r  
process i s  t he  Auger ( o r  impaLi) recombination. Another recombination 
path involves energy levels which l i e  in the enerqy gap. These levels 
have Finite cross section for  the capture of electrons and holes, and 
fo r  the i r  consequent release. Uheut, for exanple, an electron f ro in  the 
conduction dand i s  captured by such a ?evel ,  the next s tep can tjc one 
of two: The electron i s  released thermally and returns to the conduc- 
tion band, o r  a hole i s  captured by the same center, thus annihilating 
the electron-hole pair. I F  the probability fo r  the f i r s t  process i s  
higher, the level i s  called a trap. Otherwise i t  i s  called a recombina- 
tion center. A specif ic  level can be a t rap under some conditions and 
a recon~bination center under others. A s imilar  process can be described 
for  holes. 
Traps and recoinbination centers p1a.y very important roles in the 
process of returning to equilibrium. They have opposite e f fec ts  on the 
decay time of excess carr iers .  A ca r r i e r  captured by a trap i s  not 
s t a t i s  t i  cally available for  recornbination. Such a ca r r i e r  can be re- 
leased to i t s  appropriate band long a f t e r  the uncaptured carr iers  have 
recombi ned. Therefore, the conducti vi ty decay t i  me can be longer than 
the free electron lifetime. On the other hand, the recombination centers 
relieve the wave vector selection rules,  thus increasing the probability 
of an electron-hole pair  to  recombine. As a r e su l t ,  the conductivity 
decay tirile can be reduced. In the presence of traps and recombination 
centers, the electron lifetime can d i f f e r  from that  of the hole. Also, 
i t  i s  possible that  the t ransient  decay time will not be equal t o  the 
stead: s t a t e  lifetime. 
In 1 ight of the observed ul t rashort  photocarrier decay time in 
Cr: GaAs (Q 67 ps, see Chapter 8), i t  seems that  the band-to-band and 
the Auger rcconib inat ion processes a r e  n o t  t he  dominant ones ( i n  GaAs, 
they  are known t o  g i v e  r i s e  t o  c a r r i e r  l i f e t i m e s  l onge r  than  1  n s )  On 
the  o t h e r  iinnd, the presence o f  deep 1civel5 i n  Cr:GaAs m igh t  reduce 
t h e  c a r r i e r  1  i fe t ime.  Therefore,  the  process o f  recombinat ion throuqh 
recoir ib i t iat ion cen te rs  i s  t h e  s u b j e c t  o f  t he  f o l l o w i n g  sec t ions ,  where 
i t  i s  analyzed and compared w i t h  t h e  exper iment.  
9,S E lec t ron-Ho le  Recombination th rough Recombination Centers 
Since t he  recombinat ion cen te rs  a s s i s t  i n  ann ih i  1  a t i  ng e l e c t r o n -  
h o l e  p a i r s  by c a p t u r i n g  f r e e  c a r r i e r s  f r om t h e i r  app rop r i a te  bands, i t  
i s  expected t h a t  they would be most e f f e c t i v e  when they  l i e  c l ose  t o  
t h e  midd le  o f  t h e  gap. The c a r r i e r  lifetimes a re  then sho r te r .  I n  
Sec t i on  9.2 we saw t h a t  t h e r e  were seve ra l  deep l e v e l s  i n  Cr:GaAs. They 
can a c t  as recombinat ion cer i ters,  and t h e r e f o r e  m igh t  be respons ib l e  f o r  
the s h o r t  p h o t o c o n d u c t i v i t y  decay t ime, An exac t  ana l ys i s  o f ' t h i s  r e -  
con~b ina t i on  process under cond i t i ons  o f  o u r  exper iment  i s  i i n p r a c t i c a l  
/43]. These c o n d i t i o n s  i n c l u d e  t he  m u l t i p l e  deep l e v e l s  i n  the  C r :  GaAs, 
t h e  t r a p  and excess c a r r i e r  concen t ra t ions  which a r e  h i g h e r  than the  
c a r r i e r  d e n s i t y  a t  thermal equ i  1  i b r i um,  and t he  pu l sed  i l l u m i n a t i o n .  
However, some i n s i g h t  can be ga ined  by r e s o r t i i t y  t o  t h e  t heo ry  o f  recom- 
b i n a t i o n  th rough the mechanism o f  t r app ing ,  as developed by Shockley 
and Read [47 ]  and H a l l  [48] under much s i m p l i f i e d  cond i t i ons .  The 
general  l i n e s  o f  t h e  f o l l o w i n g  d i scuss ion  a re  based, i n  p a r t ,  on 
Blakemore [43]. L e t  us assume a  s i n g l e  monovalent f l a w  l e v e l  a t  energy 
Et. Such a  l e v e l  has two s t a t e s  on ly ,  empty o r  f u l l  ( w i t h  respec t  t o  
an e l e c t r o n ) ,  and i s  charged accord ing ly .  The d e n s i t y  o f  s t a t e s  o f  t h e  
level w i  11 be denoted by N t .  Denote by F ( E t )  the fract ion of the f i l l e d  
s t a t e s .  In thermal equilibrium 
whish i s  the Fermi -Dirac prababi l i  ty. For convenience we defi ne 
where n i  i s  the electron density and E i  i s  the Fermi level in an in t r in-  
s i c  GaAs crys ta l ,  and n ,  and p, would be the free carr iers  a t  thermal 
equilibrium i f  the Fermi level coincided with the flaw level .  In terms 
of n o ,  n l  po,  and p , ,  the Fermi-Dirac distribution can be written as 
bJheri a deviation from thermal equilibrium occurs, with excess electrons 
n and excess holes p,, the fraction of the f i l l e d  s t a t e s  becomes e 
L. 
as long as the semiconductor remains e lec t r ica l ly  neutral. The rate 
- 1 (sec ~ c m - ~ )  in which electrons from the conduction band are  captured 
i s  given by 
where n i s  the conductive electron density. The brackets around the 
constant Cn denote an average over a1 1 s t a t e s  i n  the conduction band 
3 [43d]. The dimension of <Cn> i s  ca /sec,  and i t  i s  commonly written 
as ov where o is the capture cross section, ,ind vth i s  the thermal 
t r 7  ' 
velocity ( =  /3kT/tn*), D e f i  tie now 
I- i s  the shortest  possible time constant for  electron capture. Sub- no 
s t i t u t i n g  in (9.6.6) gives 
p = -  " (1 - F ( E ~ I )  
nc  'no 
Similarly, the hole trapping ra te  i s  
Electrons are  released from trapping flaws a t  a ra te  
and holes 
where Rn and R are the release probabili t ies per second f o r  electrons 
P 
and holes, respectively. Rn and R car1 be estimated a t  thermal equi l i -  
P 
brium with no external generation, by equating rnc = r and r = r 
nr  P C  pr '  
I t  i s  easi ly  shown, with the aid of (9.6.2) and (9.6.3) tha t  rnr and 
r become 
i' r 
- n,  F(Et) 
'n r +r no 
The n e t  r a t e  o f  e l e c t r o n  capture i s  then 
and t h a t  o f  the holes i s  
By us ing  (9.6.5) and (9.6.4) i n  (9.6.14,) and (9.6.15), t he  n e t  ra tes  o f  
capture become 
and 
Before c a r r y i n g  the  ana lys is  f u r the r ,  we can ga in  i n s j g h t  i n t o  the 
process o f  recornbi na t i on  through a  f l aw  by assuming steady s t a t e  i 11 umin- 
a t i on .  Under t h i s  c o n d i t i o n  the n e t  ra tes  o f  e l e c t r o n  and hsle captures 
are  equal. By equat ing (9.6.14) t o  (9.6.15), the f r a c t i o n  o f  the f i l l e d  
f laws i s  found t o  be 
S u b s t i t u t i n g  i n  (9.6.14) gives 
where U i s  the recombination ra te  thro~igh tlic mediation of the flaw. The 
dependence of U on Et  i s  through n l  and pl , as given by (9.6.2) and (9 .6 .3) ,  
For the special case of ino = T 
P O  
1 
2 pn-n, 
The closer the flaw level to  the i n t r i n s i c  Fermi level,  the higher the re- 
cornbinati on rate .  Recall i ng that  
1 N V  E. - - - E  + k~ e n -  
1 2 g  z? N c  
we can calculate the in t r ins i c  Fermi level of GaAs a t  room temperature 
by using the values of N y  and lc given i n  ( 9 . 3 . 6 )  and (9.3.7), 
above the valence band. We may thus conclude tha t ,  a t  l eas t  a t  the condi- 
t ion  under which (9.6.22) has been derived, the deep levels are more 
e f f e c t i  vu i t i  t h e  recombi n a t i o n  process than t h e  shal  l owe r  ones. 
These c a l c u l a t i o n s  suggest  t h a t  t h e  deep l e v e l s  i n  t h e  Cr:GaAs 
may be respons ib l e  f o r  the  observed s h o r t  p h o t o c a r r i e r  1 i  fet in le.  Plote, 
though, t h a t  t h i s  i s  n o t  y e t  conc lus i ve  because when t r a p p i n g  o f  the  
c a r r i  e rs  occurs,  t h e  e l e c t r o n  and h o l e  1  i f e t i  mes cannot he determined 
f rom the  recombinat ion r a t e  a1 one. 
Re tu rn ing  now t o  the  n e t  cap tu re  ra tes ,  (9.6.16) and (9.6.17), 
we proceed t o  d iscuss t h e  t r a n s i e n t  decay o f  the  excess c a r r i e r s .  I f  
we assune t h a t  t h e  r e c o r n ~ i n a t i o n  through t h e  f l a w  l e v e l s  i s  t h e  o n l y  
probable process i n  which e l e c t r o n - h o l e  p a i r s  a r e  a n n i h i l a t e d ,  then  t h e  ca r -  
r i e r  l i f e t i m e s  a r e  g iven by 
and i f  we i g n o r e  f o r  the  moment d r i f t  o r  d i f f u s i o n  cur ren t ,  t he  con t i nu -  
i t y  equat ion  becomes 
Un fo r t una te l y ,  t h i s  i s  alnlost  as f a r  as one can proceed a n a l y t i -  
c a l l y  f o r  a r b i  t r a r y  Nt, ne, and pe. The equat ions can be l i n e a r i z e d  and 
s o l v e d  o n l y  under very  r e s t r i  c t i  vc cond i t i ons ,  such as low e x c i t a t i o n  
l e v e l  ( n  ,p << n  ,p ) ,  o r  sma l l  d e n s i t y  o f  f laws.  References f o r  these e  e  o  o  
s o l u t i o n s  a re  g i ven  i n  L43cI. I t  i s  poss ib l e ,  though, t o  f o l l o w  the decay 
o f  pho toca r r i e rs  by d i v i d i n g  t h e  decay process i n t o  stages. I f  the  
excess c a r r i e r s  are generated by a  & - func t i on  i 11 umination, then i n i -  
t i a l l y  nee = PeO* and 
where rnl and T are the decay times a t  t h i s  f i r s t  stage. These decay 
PI 
times preva i  1  as long as the f i r s t  terms on the  r i g h t  hand s i d e  o f  
(9.6.26) and (9.6.27) are much sma l l e r  than the second ones. This con- 
d i t i o n  i s  t r i v i a l l y  s a t i s f i e d  i f  T ~ , . ~  = r . so t h a t  ne = pe through the  
PI 
a1 1  decay process, But i f a t rapp ing  cross-sect ion o f  one type o f  car -  
r i e r  i s  l a r g e r  than t h a t  o f  t he  o ther ,  t h i s  may n o t  be the  case, and a  
d i f f e r e n c e  between the  dens i t i es  s t a r t s  t o  evolve so t h a t  p, - ne # 0. 
Tile new values o f  5 and T depend then on the  s ign  o f  ( p e - n e )  For 
P 
Pe - ne < 0 ,  -r > r and rn2 < T and v ice  versa ( T , ~  and r are t h e  ~2 PI n l  ' ~2 
decay times a t  the  second stage o f  decay), 
I n  our  experiment, neo = 16 6  -3 Peo Q 10 cmm3, w h i l e  n, = no Q 10 cm . 
We can the re fo re  w r i t e  t he  cond i t i on  f o r  T~ - -rnl as [see (9.6.26)] 
and f o r  T - 
P - 7 ~ 1  
as 
From t i le  d e f i n i t i o n  o f  nl and pl i n  ( 6 . 2  and (9.6.31, 
n P 0 ( E f  - Et)/k. l  ,=L= e 
1 no 
I n  Sect ion 9.3, Ef was c a l c u l a t e d  f o r  the energy l e v e l  diagram o f  F i  gure 
9.2.2b. Using t h i s  value and rega rd ing  the  C r  l e v e l  as t h e  most impor- 
t a n t  recombinat ion center ,  we f i n d  a t  room temperature 
and (9.6.30) and (9.6.31) become 
and 
16 -3 Since Nt s 10'~cm-' (see Sect ion 9.2) and nee = n " 10 cm 
PO 
(9.6.34) seems t o  be s a t i s f i e d  n o t  o n l y  a t  t he  e a r l y  stages o f  the 
decay, b u t  a l s o  a t  the  l a t e r  ones. Consequently, (9.6.28) can be 
taken as an est imate o f  -cn3 
9 . 7  Mu1 t i p l e  Recombination Centers and Traps 
The previous section dealt  with the case of a s inqle  recombination 
center. Continuity equations tvhict~ describe the evolution of the excess 
carr iers  were presented, b u t  no general solution has been found. Elatters 
become much more complicated when several recombination centers as well as 
traps are present, as i s  the case of Cr:GaAs. The contribution of the 
deep levels i s  not only to  recombinatiion, b u t  also to  trapping. Their 
total  e f f ec t  can e i the r  be of shortening o r  lengthening the free ca r r i e r  
l i f e t ine .  I f ,  for  instance, one deep level i n i t i a l l y  traps holes, while 
the other i n i t i a l l y  traps electrons,  clearly the probability of recombina- 
tion, and thus i t s  ra te ,  decreases. Or, as another example, i f  one im- 
purity has a much higner trapping cross section f o r  one type of car r ie r ,  
that  car r ie r  wi 1 l not be available for  recombination, and the carr iers  of 
the other type might enjoy a longer l ifetime (doping of a material with 
such a center i s  sometimes called "Sensitization").  
The problem of mu1 t i  ple recombi nation centers has been treated 
under simplified conditions, which do not apply t o  our case. For small 
modulation and steady s t a t e  stimulation, Kalashnikov [49]  concluded that  
the excess car r ie r  lifetime can be expressed by 
where r i s  the lifetime which would apply i f  only the jth center 
j 
exi s ted , wi t h  Fermi l eve1 unchanged, and vcoup represents the coup1 i ng  
be tween them. 
Un 1 i ke recon~bi na t i on  centers, t r aps  can 1 engthen t h e  decay 
time, unless the t rapp ing  tirne i s  longer  than the recombinat ion time. 
If the t r a p p i n g  t ime i s  sho r te r ,  then c a r r i e r s  w i  19 be t rapped f i r s t .  
Since the t r a p p i n g  l e v e l s  and the recombinat ion centers 1 i e  a t  d i f f e r e n t  
l oca t i ons  i n  the  c r y s t a l ,  t rapped c a r r i e r s  must f i r s t  be the rma l l y  re -  
leased t o  the  appropr ia te  bands b e f o r e  reaching the recombinat ion center.  
The new decay t imes can be es t imated from steady s t a t e  considerat ions t o  
be [ 6 2 ]  
i i l iere p  and n are the f ree  c a r r i e r  dens i t ies ,  pt and n t  are the  dens i t i es  
o f  t rapped c a r r i e r s ,  and ill and T are t h e  f r e e  c a r r i e r  l i f e t i m e s .  I f  
P 
the t raps a re  i n thermal cot i tact  w i  t h  t he  bands, 
where N and t\l are the  dens i t i es  of  t h e  t raps  which are  i n  thermal con- 
t n  t P 
t a c t  w i t h  t h e  conduction and the valence bands, respec t i ve l y ,  and Etn 
and E are t h e i r  energies. Nc and N,, are  the e f f e c t i v e  dens i t i es  o f  
t P 
s t a t e s ,  and Ec and Ev are  the energies o f  t h e  conduct ion and valence band, 
respect ive ly .  
From t h e  energy l e v e l  diagram o f  F igure  9 .2 .2b ,  where shal low l e v e l s  
i n  C r :  GaAs are  shown, i t  i s  seen t h a t  a t  room temperature kT >> (Ec - Etn), 
( E t p  - E V ) .  Using the values of N c  and N as given in (9.3. 6 )  and V 
16 
( 9 . 3 . i 7 ) ,  and using N t n  1. 10 cm-3 and N % 3 x 1 0 ~ ~  (from Figures 9.2.1 
t p  
and 9.2.2b) we find 
and 
Consequently rdn = r and i = r even i f  the trapping time i s  shorter n dp P '  
than the recornbillation time. I f  the recombination time i s  shorter,  as 
might be the case in the Cr: GaAs, then trap-control led decay will s t a r t  
long a f t e r  most of the excess ca r r i e r  density has  already decayed in the 
manner of a trap-free mater'i a l e  
9 .8  Excess Carrier Lifetime in  Cr:Gaks: Bulk Calculations and Steady 
State  Measurements 
I n  Section 8.4, we saw that  the photsconductivity o f  Cr:GaAs, fol-  
lowing car r ie r  excitation by an optical picosecond pulse of wavelength h = 
61008, decayed t o  i t s  l / e  peak value i n  about 67 psec. I n  this  section 
we compare our experimental photocarri e r  decay time w i t h  the electron 
lifetime in Cr:GaAs, calculated by the forniulas developed i n  Section 9.6 
and measured under continuous i 11 urnination with longer wavelengths. 
i )  Calculation of the car r ie r  l ifetime by the recombination center 
formal ism 
Immedi atefy a f t e r  the picosecond pulse i llumination, the electron 
and hole densi t i e s  are equal. Since the conductive electrons are about 
twenty tiriles rilore mobile than holes (see Section 9 . 4 ) ,  they caryy the 
major part  of the ptlotocurren t un t i  1 thei r density decays to  about one 
twentieth o f  the holes' density. Therefore, i f  r < 5, the observed 
P 
pt~otocurrent transient is  the resul t  of the electron density decay, and 
the experinlental results sliould be compared to 5. Moreover, since i t  
w i  11 be shown that  the calculated lifetimes are much longer than the oh- 
served 67 psec decay time, i t  i s  enough to compare i t  to  T even i f  n 
Under the conditions of our experiment, the electron lifetime in 
Cr:GaAs due t o  recombination through the Cr center was shown in Section 
9 .6  to  be given by (9.6.36), i . e . ,  
I n  (9.8.1) 0 i s  the electron capture cross section, vn i s  the thermal n 
velocity given by 7 1 4.5 xlO cm/sec a t  room temperature, and Nt 
i s  the recombination center density. 
Assume f i r s t  the Cr level near the center of the energy gap 
(Figure 9 . 2 . 2 ) .  In both n- and p-type Cr:GaAs, the electron cross sec- 
17 - 3  tion i s  Q, 3 x1(1-'~cm~ [39]. I f  we assume a Cr concentration of 10 cm 
(see Section 9 . 3 ) ,  then r:' = 8 nsec, which i s  much longer than the 6 7  
psec photoconducti ve decay t i  me observed by us. 
I f  (9.8.1) i s  assumed valid,  several explanations a re  possible to 
accomrsodate the inconsistency with the observation: a )  The cross sec- 
tion i s  higher, (b )  the t r ap  concentration i s  higher, ( c )  other impurity 
levels a s s i s t  in shortening the ca r r i e r  1 ifetime, ( d )  other recombination 
channels, rather than through recombi nation centers are  active.  We are 
n o t  i n  a p o s i t i o n  t o  judge the noniinal values o f  t h e  cross sec t i on .  
The sane i s  t r u e  w i t h  regard t o  the t r a p  concentrat ion.  I f  the mass 
17 - 3  is spectroscopy ana lys is  (see Sect ion 9,2) i s  r e l i a b l e ,  then 10 cm 
above the  average C r  concent ra t ion  repor ted  (see F igure  9.2.1). I t  
i s  possib le,  though, t h a t  o t h e r  i m p u r i t y  l e v e l s  a s s i s t  i n  the recom- 
b i n a t i o n  process, such as the l e v e l  associated w i t h  oxygen which l i e s  
near the center  o f  t he  gap (see F i  gure 9.2.2). Thi s 1 eve1 cannot be 
ignored i n  e x p l a i n i n g  pho toe lec t ron i c  p rope r t i es  o f  C r :  GaAs, as po in ted  
out  i n  Sect ion 9.3. 
The e l e c t r o n  capture cross s e c t i o n  o f  t h e  oxygen i m p u r i t y  l e v e l  
i s  expected t o  be la rge ,  as the dopant i s  a donor and most ly  i o n i z e d  
(see F igure  9.2.2). Lang and Logan [42]  measured t h i s  cross s e c t i o n  i n  
LPE n-type C r :  GaAs t o  be on = 2 x Us i n g  t h i s  number and 
17 I.it = 10 cm'3 i n  (9.6.28) we f i n d  T: = 5 .4  nsec. Here, too, the  uncer- 
t a i n t y  i n  o and Nt makes t h i s  est in iate rough. However, some support  n 
t o  t h i s  value o f  I-,,, i s  given by l i f e t i m e  measurements performed on h igh  
r e s i s t i v i t y  u n i n t e n t i o n a l l y  doped t i - type C r :  GaAs which gave 
5 ns < T 0.2 us [50c,51]. I t  i s  common t o  i d e n t i f y  deep l e v e l s  i n  n 
t h i s  m a t e r i a l  as associated w i t h  oxygen (see foo tno te  -in Seet ion 9.2). 
Since the  e l e c t r o n  l i f e t i m e  due t o  recombinat ion through centers 
i s  n o t  s h o r t e r  than a few nanoseconds, t he  c o n t r i b u t i o n  o f  the  r a d i a t i v e  
band t o  band reconlbination should a l so  be considered. The e l e c t r o n  
l i f e t i m e  due t o  t h a t  process alone i s  *r -- 3 nsec [52), bb 
I f  we assun~e the  three recombit-iation processes t o  be uncoupled 
from each o t h e r  (see Sect ion 9.7), then we can roughly est imate the  
electrorr 1 i fetinle by 
which, for  the values found in th is  section, gives T ~ , ~ ~ ~  - 1 . 6  nsec. 
i i ) Steady s t a t e  measurements 
Under steady s t a t e  condi tions , the car r ie r  l ifetime in Cr: GaAs has 
been cal cul ated from dii ta  acqui red by measuring the photoconductivity 
and ptiotomagnetoelectric e f fec ts .  A car r ie r  lifetime measured under 
these conditions i s  generally not expected to  be equal to  the photocar- 
r i e r  decay time following a 6-function excitation. A t  steady s t a t e ,  the 
densi ty of the ionized traps depends on the excitation level,  while 
immediately a f t e r  6-function i  1 l umination, the s t a t e  of the traps i s  
essent ial ly  the same as in thermal equilibrium. A t  very high injection 
levels ,  such tha t  p,.ne '> N t.", the densit ies of the excess electrons 
and holes are almost equal t o  each other. Then, the steady s t a t e  electron 
lifetime (9.6.26) i s  reduced to (9.6.36) ,  which i s  also the electron 
l i  i'etirne under the conditior~s o f  our experiment. Hence, we may compare 
the photocarrier l ifetime observed by us to  that  reported by L i  and 
Huang [53], who have measured the steady s t a t e  electron lifetime a t  very 
high injection levels to  be 250 psec. A t  lower injection levels,  the 
l ifetime i s  longer [5J]. The photoexcitation in th i s  experiment was ob- 
tained by a high intensity tungsten l i g h t  source. 
To conclude, in this  section we have seen that recombination 
through deep flaws cannot, by i t s e l f ,  explain the u l t r a fa s t  photoconduc- 
t ive decay of Cr:GaAs as observed by i s .  This ultritsfiort decay time 
seems also to  disagree with l ifetime n~asurenrents under continuous i l -  
l urninatiorl ,:i t h  wavelengths longer than 61013R, the aavelrnqt ,~ used in 
our experirilent. Iti the follocving chapters, a rnodel which considers 
both surface and bulk recombinat-ion h i l l  be shown to resolve this  dis- 
agreement. 
9.9 The Surface Effect on the Pleasured - Photocarrier Li f e t i  me--An 
Analysis 
In our experiment, l aser  l i gh t  with wavelength h = 6100B i s  ah- 
sorbed irl Cr:GaAs within a layer as shallow as ~ 0 . 2 3  prn from the surface 
[54]. As a resu l t ,  the surface strongly affects  the car r ie r  l ifetime 
[55),bO]. The allowed energy Ltands for  electrons and holes i n  semicon- 
ductors ar:? calculated under the assumption of an in f in i t e  perfect l a t -  
t i ce .  Imperfections in this  ideal s t ructure chanqe this  picture. The 
surface i s  such an imperfection. Tamnr 1551 showed that  when the Kroriiq- 
Penney periodic square-well potential i s  terminated on one side by a 
surface potenti a1 barr ier ,  there woul d be discrete a1 lowed levels lying 
in the forbidden energy gap, corresponding to  wave functions localized 
near the surface. These levels were la te r  studied by Shockley f561, who 
showed that there would be one surface s t a t e  for  each surface atom, and 
additional s t a t e s  which ar ise  from impurities and s t ructure defects. 
Let the direction normal to  the surface be denoted by x, then the 
ca r r i e r  flux toward the surface is given by Dp * ax for holes and Dn -a;- n for  
electrons, where D i s  the diffusion coefficient and p and n a re  the hole 
and electron densities, respectively. I n  equi 1 ibrium, the car r ie r  flux is 
a , ( u Q  




















































































































where J i s  t h e  p a r t i c l e  f l u x ,  g  i s  t he  genera t ion  r a t e  ( i n  c r ~ ~ ~ . s e c - ' ) ,  
T i s  t h e  c a r r i e r  l i f e t i m e ,  and p  and n a r e  t h e  h o l e  and e l e c t r o n  dens i -  
t i e s ,  r e s p e c t i v e l y .  Ue assume here t h a t  the c a r r i e r  l i f e t im i : ,  m and r 
F 
a re  i ndependerit o f  t t ~ e  c a r r i e r  d e n s i t y  (see d i scuss ion  f o l l o w i n g  
( 9 . 6 . 2 9 ) ) .  The p a r t i c l e  f l u x  i s  g iven  by 
The f i r s t  tern1 -in each OF these equat ions  i s  t he  d i f f u s i o n  cu r ren t ,  w h i l e  
t h e  second i s  t he  d r i f t  cu r ren t .  The cons-tant D i s  the d i f f u s i o n  coe f -  
f i c i e n t .  irlherl phonon s c a t t e r i n g  i s  dominant, t h e  mean f r e e  pa th  o f  t h e  
p a r t i c l e  i s  v e l o c i t y  independent,  and i t  can be shown [57b] t h a t  the  d i f -  
f u s i o n  c o e f f i c i e n t s  a r e  g iven  by 
which a re  c a l l e d  t h e  E i n s t e i n  r e l a t i o n s .  By s u b s t i t u t i n g  (9.9.4) and 
(9.9.5) i n  (9.9,2) and (9.9.3) ,  t he  con t i nu - i t y  equat ions become 
i n  which t h e  s u b s c r i p t  "o" des ignates thermal e q u i l i b r i u m ,  g;l = gn - go, 
P 
= n  / T  = p  / T  ) .  The f i e l d f i n  ( 9 . 9 . 7 )  and and g '  = gp - g o  (go o  no 0 
(9.9.8) i s  t he  sum o f  the a p p l i e d  and t h e  i n t e r n a l  f i e l d s  
-f -f + 
= " ( p - n  + N~ - N;) " ~ ~ i n t  E 
There i s  no general analytical solution to these equations. A 
solution does e x i s t ,  though, in the case of charge nentrali  ty, i  .e . ,  
n ( x )  = p ( x ) .  I t  i s  not immediately obvious that this  assumption i s  valid 
for  our Cr:GaAs samples. Consider, for  instance, the Debye length 
wtrich i s  a  character is t ic  distance within which charge neutral i ty  might be 
2 8 violated. For D = 10 cm /sec, E - 12 E ~ ,  and f  = l /o  = 10 a-cm, the Debye 
length i s  ~ 3 0 0  urn, which i s  on the order of the Cr:GaAs wafer thickness used 
in our experiment. Equivalently, we may cal culate the d ie lec t r ic  relaxa- 
tion tirile 
.rd = c/o (9.9.12) 
which i s  a  character is t ic  time within which any deviation from charge 
neutral i ty  i s  ironed out. For the same parameter values as above, we find 
' d = 11 ms, i . e . ,  much longer than the 67  ps photocarrier decay time ob- 
served by us (see Section 8.4). Consequently, in general, charge neutrali ty 
cannot be assumed in our Cr:GaAs samples. However, the situation i s  differ-  
erit i n our experiment in which excess carr iers  are generated near the 
surface in a  layer on the order of magnitude of the radiation absorption 
- 1 length, a . In th i s  layer the d ie lec t r ic  relaxation time and the Debye 
l eng th  a re  s h o r t e r  than i n  the bu l k ,  as l ong  as the photoconduct iv i ty  
has n o t  decayed. A f t e r  the p i  cosecond pulse i ll umi n a t i  on, t he  conduc- 
t i v i  t y  near  the surface can be w r i t t e n  as 
where neo i s  the  e l e c t r o n  dens i t y  immediately a f t e r  i l l u m i n a t i o n ,  and -rc 
i s  t he  pho toca r r i e r  1  i f e t i m e .  S u b s t i t u t i n g  (9.9.13) i n  (9.9.12) g ives  
2 16 -3 Using p = 3000 cm /V.sec and n,, = 10 crn , which i s  a  t y p i c a l  i n i t i a l  n  
c a r r i e r  dens i t y  i n  our experiment, t h e  d i e l e c t r i c  r e l a x a t i o n  t ime i s  found 
t o  be 
Tci = 0.2 et"' psec 
or ,  equ iva len t l y ,  the  Debye l e n g t h  w i l l  be g iven by 
For a  t ime pe r iod  o f  tm = 5 T~ - 350 psec a f t e r  t he  picosecond pu lse  ex- 
c i t a t i o n ,  and w i t h i n  a l a y e r  o f  th ickness  a-' = 0.23 um from the  surface, 
the  i n e q u a l i t i e s  rd <i t and LD << a-' hold, and we may use the  charge rn 
n e u t r a l i t y  assumption. This  approximation w i l l  be checked l a t e r  f o r  con- 
s is tency  w i t h  the  s o l u t i o n  o f  t h e  c o n t i n u i t y  equat ion. 
We now app ly  the charge n e u t r a l i t y  approximat ion t o  t h e  c o n t i n u i t y  
equat ions (9 .9 .7 )  and (9.9.8). Using, as prev ious ly ,  no and po fo r  the 
e l e c t r o n  and ho le  thermal e q u i l i b r - i ~ ~ m  dens i t ies ,  and rie and pe f o r  the 
excess c a r r i e r  dens i t ies ,  we subs t i  Lute i n  these equat ions, 
n = n  f n e  and p =  p + p  . Then, a f t e r  some straightforward manipulations, o o e 
the two continuity equations a re  merged into a single one, called the 
arnbipolar diffusion equation: 
where 
i s  the ambipolar diffusion c w f f i c i e n t ,  and 
nu, + Pu P (no+ne)vn -I- (P,+ Pe)up 
i s  the ambipolar mobility. The excess ca r r i e r  l i fe t ime T i s  defined by 
where the subscript "o" d e s i g n a t ~ s  thermal equilibrium. Since we assume 
n = pe, we may use pe as the unknown variable without loss of generality. e 
Note that  in sp i t e  of the charge neutral i ty  assumption, we do not neglect 
the internal e l ec t r i c  f i e l d  which i s  bu i l t  in the material as a resu l t  
of unbalanced charge dis t r ibut ions.  On the contrary, t h i s  f i e ld  i s  
responsible fo r  the ambipolar diffusion, as i t  prevents a large separa- 
t ion of the positive and negative charge dis t r ibut ions,  thus forcing them 
to move together. 
In our experiment, we measured the conductivity of a Cr:GaAs 
sample which was determined by the total  ca r r i e r  density rather than by 
i t s  exact spatial  dis t r ibut ion.  The applied e l ec t r i c  f i e l d  was paral- 
l e l  to the sample surface and was typically about 3000 V/crn. The 
electrode spacirrg was 160 urn, which iznplied an electron t r a n s i t  time of 
about 1 nsec and hole t r a n s i t  time ~f about 18 nsec. Since the photo- 
car r ie rs  decayed within %67 psec, we may assume tha t  the applied f ie ld  
did not s ignif icant ly a f f ec t  the to ta l  density of excess ca r r i e r s .  
Consequently, we will t r e a t  the transport problem as one dimensional, 
i  . e . ,  i f  x i s  the direction normal to  the surface, (9-9.17) becomes 
Under the experimental injection levels p e , n e  >> noo.po so tha t  the 
ambipolar diffusion coefficient (9.9,18) can be approximated by 
and the ambipolar mobility by 
Since pe >> no ,po ,  the ambipolar mobility i s  very small and i t  i s  pos- 
s ib l e  to  simplify equation (9.9.21) by neglecting i t s  d r i f t  term as 
compared to  the diffusion term. To jus t i fy  t h i s  s tep,  assume f i r s t  
that  -- = 0,  g '  = 0, and E - 6; then (9,9.21) becomes a t  
so that  
where L5 = J m  i s  the  di f fus ion length. Assume now - - a t  
D* = 0,  then 
Comparing (9.9.25) t o  (9.9.27) shows t h a t  a s  long a s  ~ * E T  << or  
holds, we may neglect the  e f f e c t  of the  e l e c t r i c  f i e l d  on the excess car-  
r i e r  d i s t r i bu t i on .  Referring t o  our experiment, i f  the x-direction i s  
normal t o  the  surface,  then the  e l e c t r i c  f i e l d  in  (9.9.28) i s  mostly due 
t o  the in ternal  f i e l d .  Therefore, we will  show t h a t  (9.9,28) i s  s a t i s -  
f i ed  by the  internal  f i e l d .  
To est imate the ambipolar mobility we take /"-p,/ = 1 0 ~ c m - ~  (see 
16 -3  Section 9 .3 ) ,  pe0 = 10 cm 2 2 * 'n = 3600 cm / V .  sec ,  and .cl = 157 cnr /V.sec, P 
then from (9.9.23) 
2 2 From the  Einstein re la t ions  (9 .9 .6) ,  Dn = 78 cm /see and 5 = 4.3 cm /set, 
P 
so t ha t  
Using (9.9.25),  (9.9.30),  and T = 300 psec ( see  next sec t ion)  as  the  bulk 
recombination time, the right-hand s ide  of (9.9.28) i s  
To est imate the  i n t e r n a l  f i e l d ,  so as t o  compare i t  w i t h  (9.9,34), we 
use the f a c t  t h a t  no n e t  c u r r e n t  f lows normal t o  ,the sur face because 
the re  i s  n o t  an ex terna l  e l e c t r i c  f i e l d  i n  t h i s  d i r e c t i o n .  As a r e s u l t  
the e l e c t r o n  f l u x  i s  equal t o  t h e  ho le  f l u x ,  so t h a t  f rom equat ion (9.9.4) 
and (9.9.5) 
where i s  t he  c o n d u c t i v i t y .  So l v ing  f o r  Ein and us ing  the  E i n s t e i n  r e -  
1  l a t i o n s  (9.9.6) and o = eunpe(l  +i;), we f i n d  
-ax o To g e t  an est imate o f  E i n ,  we assume p e =  peo e  , where f o r  X = 6100A 
4 i n  Cr:GaAs a = 4 . 3 5 ~  10 cm-' [54] so t h a t  f o r  t he  m o b i l i t y  r a t i o  b =  18 
we o b t a i n  
3 (Ein(= 1 x 10 V/cm 
Comparing (9.9.34) w i t h  (9.9.31) we see t h a t  t h e  s t rong  i n e q u a l i t y  o f  
(9.9.28) holds, and as a  r e s u l t  we may neg lec t  the  d r i f t  term i n  (9.9,21). 
The t r a n s p o r t  equat ion now becomes 
a2  
D* 7 P, Pe a f g '  - - - - -  
ax .r - 'at Pe 
I t  w i l l  be solved i n  t he  f o l l o w i n g  sec t ion .  However, f i r s t  we would l i k e  
t o  evaluate the  charge n e u t r a l i t y  assumption which has l e d  t o  t h i s  ambi- 
p o l a r  d i f f u s i o n  equat ion. 
E a r l i e r  i n  t h i s  sec t ion ,  i t  was s ta ted  t h a t  t h e  charge n e u t r a l i t y  
assumption would no t  be used i n  c a l c u l a t i n g  the  i n t e r n a l  e l c c t r i c  f i e l d ,  
s ince  then i t s  divergence would vanish [see (9.9.10)], To evaluate the 
charge n e u t r a l  i ty  assumption we w i l l  c a l c u l a t e  the  departure from t h i s  
n e u t r a l i t y  which i s  requ i red  t o  s e t  up the  i n t e r n a l  f i e l d .  From 
Poisson's equat ion and (9.9.33) we have 
where LDi i s  t h e  i n t r i n s i c  Debye l e n g t h  g iven by 
Since ne - Pe >> no,P, equat ion (9.9.37) can be approximated by 
To evaluate (9.9.39), pn i s  f ~ ~ n d  froin the  ambs'polar d i f f u s i o n  equation. 
G 
P,-ne 
I f ,  as a  r e s u l t  , we f i nd t h a t  .-.- I P e l  << I ,  ,then the charge n e u t r a l i t y  
assumption and the  i n t e r n a l  e l e c t r i c  f i e l d  a r e  cons i s ten t .  To ge t  an 
-ax est imate o f  (9.9.39), we c a l c u l a t e  i t  a t  t = 0, i .e . ,  when p e =  peoe . 
A t  t h a t  t ime (9.9,39) i s  g iven by 
6 -3 16 -3 In GaAs, a t  room temperature n i  = 2.3 x 10 cm , so tha t  fo r  peo = 10 cm 
as in our experiment, (9,9.40) i s  calculated to  be 
Therefore, i n  a layer of about a-' = 0.23 pm 
so that  in t h i s  layer charge neutral i ty  i s  a good assumplion. 
To summarize th i s  section, we have shown tha t  the ambipolar diffu- 
sion equation in the form of (9.9.35) can be used to  describe the tem- 
poral and spat ia l  evolution of the photocarrier density involved in our 
experiment. To derive tha t  equation, we applied the charge neutral i ty  
approximation to  the electron and hole continuity equations. This was 
a f t e r  we had shown tha t  i t  was applicable within the l igh t  absorption depth 
- 1 a , and during a time period of about five times the photocarrier decay 
time, ic, following the picosecond pulse excitation. In the next sec- 
t ion,  the solution of the transport  equation will be given and the surface 
e f fec t  on our experimental resul t s  wi 11 be concl uded. 
9.10 The Surface Effect on the Measured Photocarrier Lifetime--Ccccl~sion - 
In  the previous section we derived the transport equation which de- 
scribes the excess car r ie r  evolution i n  our Cr:GaAs sample following pico- 
second pulse excitation. In t h i s  section the solution of t h i s  equation 
will be given and the surface e f fec t  on the observed photocarrier 1 ifetime 
o f  Cr:GaAs w i l l  be determined. I t  w i l l  be shown t h a t  sur face recombina- 
t i o n  can e x p l a i n  the  seeming disagreement between our  experimental  
r e s u l t s  and steady s t a t e  measurements (see Sect ion  9 . 8 ) .  
The t r a n s p o r t  equat ion  (3.9.35) can be w r i t t e n  as 
where we take a  t ime and space dependent generat ion f u n c t i o n  
g  f ( t ) e - " ,  which accounts f o r  the  absorp t ion  o f  t he  r a d i a t i o n  i n  the  
Cr:GaAs sample, and f o r  t he  temporal p r o f i l e  o f  t he  i l l u r n i n a t i o n .  The 
boundary cond i t i ons  o f  the  s o l u t i o n  a r e  
where s i s  t h e  sur face recombinat ion v e l o c i t y  in t roduced i n  Sect ion 9.9. 
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- 1 As expected from (9.10.9) a t  t = 0, $* = $iax = a The temporal beha- 
v i o r  o f  the normalized f unc t i on  a@* ( t )  fo l l ow ing  a 6- funct ion exc i t a t i on  
i s  p l o t t e d  i n  Figure 9.10.2 f o r  various values o f  sur face recombination 
ve loc i t y .  The ambipolar d i f f u s i o n  c o e f f i c i e n t  D* i s  ca lcu la ted from 
2 (9.9.22) and E ins te in ' s  r e l a t i o n s  (9.9.6) t o  be 8.2 cm /sec (@*( t )  i s  
i n sens i t i ve  t o  the exact value o f  D*). 
Refer r ing t o  each curve i n  Figure 9.10.2, we f i n d  the appropriate 
bulk c a r r i e r  1 i f e t i m e  .r which, together w i t h  the respect ive  surface re-  
combination v e l o c i t y  s, y i e l d s  the measured photoconductive decay time 
T = 67 psec (see Section 8.4). These p a l r s  o f  s and r are  tabulated 
C 
i n  Table 1. 
Table 1 
The surface recombination ve loc i t y ,  s, and bulk c a r r i e r  
 lifetime,^, which y i e l d  a photoconductive decay t ime o f  













We estimate the surface recombination velocity of our Cr:GaAs 
b samples to  be s 1. 1 x 10 cm/sec [60]. Accordingly, the bu1 k 1 ifetime 
in our samples i s  2 160 psec. Notice tha t  even i f  s = rn, the bulk 
l ifetime i s  short: T - 460 psec. These values of -E agree well with 
the ca r r i e r  l ifetime measured with CW illumination near the absorption 
edge (see Section 9.8). 
1 Conclusion 
In Chapter 7 an experiment was described in which the photocon- 
ductive impulse response of @r:GaAs has been studied by i r radiat ing 
the material w i t h  a continuous t r a in  of picosecond pulses. The photon 
energy was 2.03 eV, well above the GaAs absorption edge. I n  Chapter 8 
the experimental resu l t s  were shown to be re l iab le  and the Cr:GaAs 
photoconductive decay time was deduced t o  be 6 7 5 5  psec. 
In t h i s  chapter, i t  has been shown tha t  contrary to  inlerpreta- 
t ions given by previous authors the chromium recombination centers 
i n  Cr:GaAs cannot, by themselves, be responsible fo r  the observed short 
excess c a r r i e r  l ifetime. Instead, a model has been introduced in which 
both bul  k and surface recombination processes a re  considered. This 
model explains the u l  t r a f a s t  photocarrier decay in Cr:GaAs, observed by 
us and by others [3,4], fo1 lowing a picosecond pul se excitation of 
photocarriers near the surface. I t  agrees well with the ca r r i e r  l i f e -  
time calculated from the Shockley-Read model and measured with CW radia- 
tion near the absorption edge. 
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